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Abstract

Alumina ceramic is an important abrasive material for grinding wheels used for rough
grinding/machining of materials in manufacturing industry. Purpose of this work is to
explore laser surface structuring of alumina grinding wheels for precision
machining/grinding of materials by modifying surface microstructure of wheels. Major
objective of this work is to study the evolution of surface microstructure and depth of
modification such that microstructures/properties of modified wheels can be efficiently
tailored based on fundamental understanding of physical processes taking place during
laser surface structuring.
Surface structuring of alumina using a continuous wave Nd:YAG laser resulted in
significant surface melting and subsequent rapid solidification. The surface modified
alumina consisted of microstructure characterized by regular polygonal and faceted
surface grains with well defined edges and vertices. Such multifaceted grains act as
micro-cutting tools on the surface of grinding wheels facilitating micro-scale material
removal during precision machining. The formation of faceted morphology is explained
on the basis of evolution of crystallographic texture in laser modified alumina.
Furthermore, complete crystallographic description of multifaceted morphology of
surface grains is provided based on detailed analysis of surface micro-texture. Due to
complexity of microstructure formed during laser surface structuring, a fractal analysisbased approach is suggested to characterize surface microstructures. Detailed analysis of
the effects of laser interaction with porous alumina ceramic indicated that melt surface
iv

undergoes rapid evaporation resulting in generation of high (>105 Pa) evaporationinduced recoil pressures. These pressures drive the flow of melt through underlying
porous alumina during modification extending the depth of modification. An integrative
modeling approach combining thermal analysis and fluid flow analysis resulted in better
agreements between predicted and experimental values of depths of melting. Finally,
improvements in microindentation fracture toughness of alumina ceramic are reported
with increasing laser fluence. Such improvements in the fracture toughness seem to be
derived from better surface densification and coarsening of grain structure.
The understanding of the evolution of faceted morphology, depth of surface
modifications and improvements in fracture properties in laser surface microstructured
alumina ceramic reached in this work provides the foundation for tailoring of surface
microstructures/properties of alumina grinding wheels for precision machining
applications.

v
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Chapter 1
Laser Surface Structuring of Ceramics-An Overview

1.1

Introduction

Ceramic is an important class of material which is finding increased applications as
biomaterials and advanced structural and engineering materials. Industrially important
ceramics include various oxides, carbides, nitrides, and borides [1, 2]. Various properties
exhibited by these materials include high hardness and wear resistance, oxidation
resistance, chemical stability, creep resistance, and thermal shock resistance. In spite of
the attractive properties, actual utilization of ceramics in applications is often limited
primarily due to their inherent brittleness, low flaw tolerance and low reliability [3, 4].
These limiting properties of ceramics are partly derived from bonding characteristics of
the ceramics and from limited number of independent operating slip systems. Often, roots
of ceramic component failure can be traced to the surface defects introduced during
powder processing.
Surface engineering presents novel approaches of improving properties of
advanced ceramics by locally modifying the surface microstructure. Furthermore, surface
modification techniques can be directed to produce functional surfaces for advanced
applications [5, 6]. The properties of these engineered ceramics are then greatly
influenced by surface microstructure in the modified ceramics. The surface
microstructure of engineered ceramics may be defined by various parameters such as
phase, composition, grain morphology and texture at the surface. These microstructural
1

features in the modified material are primarily inherited from the nature of surface
modification processes. Laser Surface Modifications (LSM) has emerged as a flexible
and convenient technique for improving surface properties of ceramics [5, 6]. Laser
surface modifications of porous alumina ceramic have recently attracted significant
research interest for improving surface properties for various applications. For example,
laser surface modifications of alumina ceramic linings (used in furnaces, incinerators,
heat exchangers etc.) are expected to extend the life of linings by minimizing localized
thermal and environmental attack due to sealing of the surface pores during surface
modification [7]. Also, laser surface modifications of alumina abrasives wheels have
potential to re-generate the surface topography suitable for precision machining of
materials [8]. Thus, laser surface modifications of porous alumina ceramic exhibit a great
potential in a wide range of applications, with each application requiring the
characteristic microstructure at surface. Hence, optimizing laser processing parameters to
control the microstructural features evolved during surface modifications plays a key role
in tailoring the surface properties for various applications. Despite great potential of laser
surface modified ceramics in various advanced applications, detailed investigations of
microstructure development during laser surface modifications are limited. Keeping this
in view, major efforts of present study are directed towards understanding laser
interaction with an industrially important alumina ceramic and consequent surface
microstructure development during laser surface modifications.

2

1.2

Laser-material Interactions

Understanding the capabilities laser surface modification of ceramics requires the
knowledge of physical processes occurring during laser beam interactions with material.
When the electromagnetic radiation is incident on a surface of material, various
phenomena that occurs includes reflection, refraction, absorption, scattering and
transmission (Fig. 1.1). One of the most desirable and important phenomena in laser
processing of materials is the absorption of radiation. Absorption of radiation in the
materials results in various effects such as heating, melting, vaporization, plasma
formation, etc. which forms the basis of several laser materials processing techniques [9].
The extent of these effects primarily depends on the characteristic of electromagnetic
radiation and the thermo-physical properties of material. The laser parameters include
intensity, wavelength, spatial and temporal coherence, angle of incidence, polarization,
illumination time, etc.; whereas, the materials parameters include absorptivity, thermal
conductivity, specific heat, density, latent heats, etc. The interaction of laser with material
is a complex interdisciplinary subject and requires knowledge from several branches of
physics. This section briefly explains the important laser material interactions and their
effects which are relevant in the laser surface modification of ceramic materials [10].
The absorption of laser radiation in a material is generally expressed by BeerLambert law [9]:
I ( z ) = I 0 e − µz ,

(1.1)

where I0 is the incident intensity, I(z) is the intensity at depth z and µ is the absorption
coefficient. Thus, the intensity of laser radiation gets attenuated inside the material.
3

Fig. 1.1 Possible interactions of laser light with material.

The length over which significant attenuation of laser radiation takes place is often
referred as attenuation length and is given by the reciprocal of absorption coefficient
[11]:
L=

1

µ

.

(1.2)

For strongly absorbing material, the absorption coefficients are in the range of 105-106
cm-1 such that the attenuation lengths are in the range of 10-5-10-6 cm [12].
One of the important parameters influencing the effects of laser-material
interactions is the absorptivity of material for laser radiation. It can be defined as a
fraction of incident radiation that is absorbed at normal incidence. For opaque materials,
the absorptivity (A) can be expressed as [12]:
A = 1− R ,

(1.3)
4

where R is the reflectivity of material. The reflectivity and the absorptivity of material
can be calculated from the measurements of optical constants or the complex refractive
index. The complex refractive index (nc) is defined as:
(1.4)

nc = n − ik

where n and k are the refractive index and the extinction coefficient respectively. These
parameters are strong function of wavelength and temperature. The reflectivity at normal
incidence is then defined as:
2
(
n − 1) + k 2
R=
(n + 1)2 + k 2

.

(1.5)

Since parameters n and k are strong function of wavelength and temperature, the
reflectivity (and hence the absorptivity) of material is greatly influenced by wavelength
and temperature [12].
The laser energy absorbed by material during laser-material interaction is
converted into heat by degradation of ordered and localized primary excitation energy.
The typical overall energy relaxation times are of the order of 10-13 s for metals (10-12-106

s for nonmetals). The conversion of light energy into heat and subsequent conduction of

heat into the material establishes temperature distributions in the material. Depending on
the magnitude of temperature rise, various physical effects in the material include
heating, melting, and vaporization of material. Furthermore, the ionization of vapor
during laser irradiation may lead to generation of plasma. In addition to the thermal
effects, the laser-material interactions may be associated with photochemical processes
such as photoablation of material. These effects of laser-material interactions are
schematically presented in Fig. 1.2. All of these effects play important roles during laser
5

Fig. 1.2 Various effects of laser-material interaction: (a) heating, (b) surface melting,
(c) surface vaporization, (d) plasma formation, and (e) ablation.

6

materials processing. There exist distinct combinations of laser intensities and interaction
times where specific effect of laser-material interaction dominates [10].

1.2.1

Thermal Effects

When a laser beam of intensity, I0, is irradiated on the surface of material, it results in the
excitation of free electrons (in metals), vibrations (in insulators) or both (in
semiconductors). As mentioned in the previous section, this excitation energy is rapidly
converted into heat (time duration in the range of 10-13 s for metals, 10-12-10-6 s for non
metals). This is followed by various heat transfer processes such as conduction into the
materials, and convection and radiation from the surface. The most significant heat
transfer process being the heat conduction into the material. The generation of heat at the
surface and its conduction into the material establishes the temperature distributions in
the material depending on the optical and thermal properties of the material and laser
parameters. If the incident laser intensity is sufficiently high, the absorption of laser
energy can result in the physical phase transformations such as surface melting and
evaporation. Generally, these phase transformations are associated with threshold
(minimum) laser intensities referred as melting and evaporation thresholds (Im and Iv).
Melting and evaporation are the efficient material removal mechanisms during many
machining processes. In this section, simplified analysis of laser heating, melting and
evaporation of materials is presented [10].
To understand the thermal effects of laser irradiation on the material, it is
necessary to evaluate the temporal and spatial variation of temperature distribution.
Significant progress has been made in the modeling of thermal effects during laser7

material interaction effects. This includes the consideration to three-dimensionality,
phase transformations and temperature dependent properties. For the clarity of concepts,
most simplified thermal analysis based on the solution of one-dimensional heat
conduction equation is presented here. The simplified assumptions for such analysis are
[13]:
1. Material is homogeneous. The thermo-physical properties are independent of
temperature.
2. The initial temperature of the material is constant.
3. Heat input is uniform during the irradiation time.
4. The convection and radiation losses from the surface are negligible.
The schematic geometry of laser irradiation and corresponding surface temperature
during laser heating are presented in Fig. 1.3. The governing equation for the onedimensional heat transfer can be written as:
∂T ( z , t )
∂ 2T (z , t )
=α
,
∂t
∂z 2

(1.6)

where T is the temperature at location, z, after time, t; and α is the thermal diffusivity.
The initial condition can be written as:
T ( z ,0 ) = T0 ,

for 0 ≤ z ≤ ∞, t = 0

(1.7)

where T0 is the initial constant temperature of the material.
The simple boundary condition at the surface (z = 0) assuming that laser energy absorbed
at the surface equals the energy conducted can be written as:
−k

∂T (0, t )
= δH ,
∂z

(1.8)

8

Fig. 1.3 Schematic of the laser irradiation geometry and surface temperatures at various
times: (a) initial condition with uniform temperature, T0, throughout the material, (b)
laser heating with surface temperature, Ts>T0, and (c) cooling stage (laser off) with
surface temperature T’s<Ts (surface temperatures are less than melting point at all times) .

9

where k is the thermal conductivity, and H is the absorbed laser energy. The absorbed
laser energy H can be given by the product of absorptivity, A, and incident laser power
density, I0 (i.e. H = AI0). If tp is the irradiation time (beam residence time) then the
parameter δ equals unity when the laser is on i.e. 0 ≤ t ≤ tp. It can be taken as zero when
the laser is off i.e. t > tp.
The solutions of these equations can be obtained as:
During heating (0 < t < tp):

∆T ( z , t ) t <t p =


H
(4αt )1 / 2 ierfc z 1 / 2
k
 (4αt )


.



(1.9)

During cooling (t > tp):
∆T ( z , t ) t >t p =


2 Hα 1 / 2  1 / 2
z
t ierfc
1/ 2
k

 (4αt )



z
 − (t − t p )1 / 2 ierfc

 (4α (t − t ))1 / 2

p







(1.10)

The function ierfc(x) is defined as:
ierfc( x ) =

where erf ( x ) =

2

x

∫e
π

−ξ 2

1

π

{exp(− x ) − x(1 − erf (x ))},
2

dξ .

(1.11)

0

The temperature at the surface during heating and cooling can be obtained by substituting
z = 0 in Eqs. (1.9)-(1.10). Thus
∆T (0, t ) t <t p

H  4αt 
= 

k  π 

∆T (0, t ) t >t p

H
=
k

1/ 2

,

 4αt 1 / 2  4α (t − t p ) 1 / 2 
  .

 − 
π
 π 
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(1.12)

(1.13)

In the preceding discussion, it was considered that the incident laser power
density was sufficient to heat the material without any melting or evaporation. However,
the surface temperature may reach the melting point or the boiling point at sufficiently
higher laser power densities (I0 >105 W/cm2). The corresponding laser power densities
are often referred as melting and boiling thresholds. The depth of melting can not
increase to infinitely large value with increasing laser power density and residence time
(irradiation time) because the location of melting point inside the sample is limited by the
maximum achievable surface temperature. Once the surface temperature reaches the
boiling point, the depth of melting reaches the maximum value zMAX. Further increase in
the laser power density or the pulse time causes the evaporative material removal from
the surface without further increase in the depth of melting.
When the temperature reaches melting point (Tm) at some depth zMAX, the equation
(1.9) becomes:
Tm =



H
(4αt )1 / 2 ierfc z MAX1 / 2  .
k
 (4αt ) 

(1.14)

When the surface temperature reaches boiling point (Tb), the equation (1.12) becomes:
H  4αt 
Tb = 

k  π 

1/ 2

.

(1.15)

Taking the ratio of above equations:
 z
Tm
= π ierfc MAX1 / 2
Tb
 (4αt )
From equation (1.15), we get:
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.



(1.16)

(αt )1 / 2

=

Tb k π
.
2H

(1.17)

Substituting in equation (1.16):
 Hz MAX
ierfc
 kT π
 b


T
= m .
 T π
b


(1.18)

Such equations facilitate the calculation of maximum depth of melting (zMAX) at which the
surface reaches boiling point during laser irradiation.
Once the vaporization is initiated at the surface of the material, the continued laser
irradiation will cause the liquid-vapor interface to move inside the material. This is
accompanied with the evaporative removal of material from the surface above the liquidvapor interface. If Vs is the velocity of the liquid-vapor interface into the material during
the laser irradiation, then the mass of material removed per unit area per unit time ( m& )
and the depth of vaporization (d) will be Vsρ (where ρ is the density) and Vstp
respectively. The velocity of the liquid-vapor interface and the depth of vaporization can
be calculated by simple energy balance [9]:
Vs =

H
,
ρ (cTb + Lv )

(1.19)

where c is specific heat capacity and Lv is the latent heat of vaporization.
Solving,
d=

Ht p

ρ (cTb + Lv )

.

(1.20)

The thermal model explained in the preceding section considers the irradiation of
material where both the laser beam and the material are stationary. Most of the practical
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laser applications such as welding, cutting, shaping etc. require the laser beam to move
relative to the workpiece. Hence calculation of temperature distributions around moving
source of heat (laser) becomes important. The theory of moving sources of heat was first
advanced by Rosenthal in 1946 [14]. The schematic of the model geometry for heating
with moving point source is presented in Fig. 1.4.

Fig. 1.4 Schematic of the (a) heating model geometry with a moving point source of heat,
and (b) typical temperature distribution (isotherms) in the x-z plane through the point
source.
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For a point heating source moving with constant velocity, v, in the x-direction, the
three-dimensional heat transfer equation can be written with point source as origin as
[14]:
−v

 ∂ 2T (ξ , y, z , t ) ∂ 2T (ξ , y, z , t ) ∂ 2T (ξ , y, z , t ) 
∂T (ξ , y, z , t ) ∂T (ξ , y, z , t )
+
=α
+
+

∂ξ
∂t
∂ξ 2
∂y 2
∂z 2


(1.21)

where ξ is the distance of a considered point from the point source. This distance can be
expressed as:

ξ = x − vt .

(1.22)

For a solid much longer than the extent of heat dissipation, the temperature distribution
around the point heat source becomes constant such that an observer located at the
moving point source fails to notice the temperature changes around the point source as it
moves on. This type of heat flow is generally referred as quasi-stationary heat flow. This
state of heat flow is defined as:
∂T (ξ , y, z , t )
=0
∂t

(1.23)

Substituting in equation (1.21) yields:
−v

 ∂ 2T (ξ , y, z , t ) ∂ 2T (ξ , y, z , t ) ∂ 2T (ξ , y, z , t ) 
∂T (ξ , y, z , t )
=α
+
+
.
∂ξ
∂ξ 2
∂y 2
∂z 2



(1.24)

The equation (1.24) can be further simplified by using
T = T0 + e − λvξ ϕ (ξ , y, z ) ,

(1.25)

where T0 is the initial temperature and φ is the function which needs to be determined to
calculate the temperature distributions.
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The equation (1.24) becomes:
2

 ∂ 2ϕ (ξ , y, z ) ∂ 2ϕ (ξ , y, z ) ∂ 2ϕ (ξ , y, z ) 
 v 
(
)
−
,
y
,
z
=
+
+
ϕ
ξ


.
2
2
2
∂
∂
y
∂
z
ξ
 2α 



(1.26)

∂ 2ϕ (ξ , y, z ) ∂ 2ϕ (ξ , y, z )
=
= 0 , the equation (1.26) reduces
∂y 2
∂z 2

For linear flow of heat where
to:
2

d 2ϕ (ξ , y, z )
 v 
−
.
 ϕ (ξ , y, z ) =
∂ξ 2
 2α 

(1.27)

These equations can be solved with appropriate boundary conditions to obtain the
temperature profiles around the moving point source of heat [14]. An important
consideration for accurate determination of temperature distribution during laser
irradiation is the temperature dependence of the thermo-physical and other properties.
Properties such as thermal conductivity, thermal diffusivity, absorptivity, etc. are strongly
temperature dependent and expected to influence the temporal and spatial evolution of
temperature during laser irradiation.
The two important parameters in the analysis of thermal effects during lasermaterial interactions are the cooling rate and the temperature gradient. These factors have
strong influence on the development of microstructure (such as those formed by
dendritic, cellular, or planar growth) during solidification of molten material. From the
above thermal analysis, the temperature gradient, G, and the cooling rate, T& , can be
calculated as:
G ( z, t ) =

∂T
,
∂z
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(1.28)

∂T
T& ( z , t ) =
.
∂t

(1.29)

An important relationship in the solidification theory which relates these parameters is
[15]:
T& = GR ,

(1.30)

where R is the solidification rate.

1.2.2

Vapor Expansion and Recoil Pressures

As explained in the previous section, surface vaporization is initiated when the laser
intensity becomes sufficiently high (I0 > 105-108 W/cm2). The vapor plume consists of
clusters, molecules, atoms, ions, and electrons. In the steady-state evaporation, the vapor
particles escape from the surface (solid or liquid) at temperature Ts. Initially, the vapor
particles escaping from the surface have a Maxwellian velocity distribution
corresponding to the surface temperature, Ts with their velocity vectors all pointing away
from the surface. Due to collisions among the vapor particles, the velocity distribution in
the vicinity of the vaporizing surface (layer of the order of several mean free paths)
approaches equilibrium. This region is known as Knudsen layer and often treated as
discontinuity in the hydrodynamic treatment. The detailed analysis of evaporation
problem was conducted by Anisimov in 1968 to determine the structure of this region and
the values of hydrodynamic variables beyond the discontinuity [16]. It was assumed that
the laser power density is not excessively large so that there is no significant absorption
of laser light by the vapor. Further, Anisimov assumed that the distribution function
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within discontinuity region can be approximated by the sum of distribution functions
before and after the discontinuity with coordinate-dependent coefficients [16, 17]:

f ( x, v ) = α ( x ) f1 (v ) + [1 − α ( x )] f 2 (v ) ,

(1.31)

where
 m
f 1 = n0 
 2πk B Ts

 m 

f 2 = β n1 
 2πk B T1 

3/ 2





3/ 2

 mv 2
exp −
 2 k B Ts

(


 ,


 m v y 2 + v z 2 + (v x − u1 ) 2
exp −

2k B T1


vx > 0

) .



(1.32)

vx < 0

(1.33)

Here, α(x) is a unknown function satisfying α(0) = 1 and α(∞) = 0; kB is the Boltzmann
constant; m is the mass of the vapor molecule; Ts and n0 are the surface temperature and
the molecule number density at the evaporating surface respectively; and T1 and n1 are
temperature and the molecule number density at the outer boundary of the kinetic layer
formed near evaporating surface respectively. u1 is the velocity at the outer boundary of
the kinetic layer; β is the coefficient; and vx, vy, and vz are the velocity components on the
evaporating surface of the material. Assuming that u1 is equal to the velocity of sound
within the vapor (Jouguet condition), we get:

u1 =

γk B T1
m

,

(1.34)

where γ is the adiabatic index of the vapor.
The conservation laws of mass, energy, momentum hold within the discontinuity region.
Thus,
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∫ dvv f ( x , v ) = C

1

x

2

∫ dvv f ( x , v ) = C
x

2

∫ dvv v f ( x , v ) = C
2

x

3

.

(1.35)

Solving the above equations for the monoatomic gas with γ = 5/3, Anisimov obtained:

β = 6.29 ,
T1 = 0.67Ts ,
n1 = 0.31n0 .

(1.36)

Thus the vapor is significantly cooler and less dense than the vapor in equilibrium with
the surface. Further analysis by Anisimov indicated that approximately 18% of the vapor
particles condensed back to the surface. The velocity of the vaporization front is given
by:

V=

Ia
,
ρ (Lv + 2.2k B Ts / m )

(1.37)

where Ia is the absorbed laser power density and Lv is the latent heat of vaporization. The
above derivation on the expansion of vapor in the vacuum can also be extended for the
case of vapor expansion into ambient gaseous atmosphere by considering the Mach
number of the external flow. All the quantities T1, and n1 are dependent on the Mach
number of the external flow [16].
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The evolving vapor from the surface exerts the recoil pressure on the surface.
Based on the above relationships, an equation for calculation of evaporation-induced
recoil pressure, ps, at the evaporating surface is given by [16]:
ps
1.69 
b

,
=

2 
Q0 / S
Lv  1 + 2.2b 

(1.38)

where Q0 is the incident laser power; S is the area of laser spot; and b 2 = k B Ts / mv Lv . For
the surface temperatures equal to boiling point, the evaporation induced recoil pressure
according to Anisimov becomes 0.55 ps, where ps is the saturated vapor pressure. Under
typical materials processing (drilling, cutting, welding, etc.) conditions, this evaporation
induced recoil pressure exceeds the highest possible value of surface tension pressure.
Thus evaporation-induced recoil pressure plays an important role in the removal of
material in molten state during materials processing.

1.2.3 Plasma Formation
When the material is irradiated with sufficiently larger laser intensity (Iv), significant
surface evaporation takes place as explained in the previous sections. Once the
vaporization is initiated, the interactions between the resulting vapor and the incident
laser beam become important in determining the overall effect of the laser irradiation on
the material. One of the most important interactions is the ionization of the vapor. The
highly ionized vapor is termed as plasma. In dynamic equilibrium, the degree of
ionization ξ, in a gas is often expressed by the Saha equation [18]:
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2gi
ξ2
=
1− ξ ga Ng

 2πm k B T 


h2



3/ 2

 E 
exp − i  ,
 k BT 

(1.39)

with ξ = Ne/Ng and Ng = Ne + Na. Here, Ne and Na are the number densities of electrons
and atoms/molecules respectively; gi and ga are the degeneracy of states for ions and
atoms/molecules; and Ei is the ionization energy.
The generation of plasma can greatly influence (or interfere with) the interaction
of laser radiation with the material. It is convenient to define the laser power density Ip, at
which the significant ionization of the vapor resulting in the formation of plasma takes
place. The plasma is generally considered to form near the evaporating surface of the
target and remain confined to this region during laser irradiation with intensities just
above Ip. This confinement of the stationary plasma near the evaporating surface is
generally referred to as plasma coupling. Plasma coupling plays an important role in
transferring the energy to the dense phase. The energy transfer may be due to normal
electron heat conduction, short-wavelength thermal plasma radiation or condensation of
vapor back to the surface [19]. The plasma coupling is particularly important in the
conditions where normal laser irradiation is not strongly absorbed by the target material.
Such conditions exist during irradiation of highly reflecting materials with infrared
(longer wavelength) laser radiation. Plasma coupling results in the significant increase in
the absorptivity of laser radiation by the material. When the laser power density is
increased significantly beyond Ip, the dynamic interaction of the plasma with the laser
radiation causes the rapid expansion and propagation of the plasma away from the
evaporating surface (i.e. towards the laser beam). Eventually the plasma gets decoupled
from the surface and transfer of energy to the dense phase ceases. The laser radiation is
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then essentially absorbed in the plasma. This condition is referred as plasma shielding
where the decoupling of the plasma ceases the interaction of the laser radiation with the
target material via plasma. The propagating plasma is often referred to as laser supported
absorption wave (LSAW). The LSAW’s are generally classified into laser supported
combustion waves (LSCW) and laser supported detonation waves (LSDW) depending on
the speed at which they propagate with respect to gas. The LSAW propagating at the
subsonic speed is termed as LSCW, while, it is termed as LSDW when propagating at
supersonic speed [18].

1.2.4 Ablation
The term ablation is generally used for the material removal processes by photo-thermal
or photo-chemical interactions. In photo-thermal process, the absorbed laser energy gets
converted into thermal energy in the material. The subsequent temperature rise at the
surface may facilitate the material removal due to generation of thermal stresses. This is
more pronounced in the inhomogeneous targets such as coated materials where the
thermal stresses cause the explosive ablation of thin films. When the incident laser energy
is sufficiently large, the temperature at the surface exceeds the boiling point causing rapid
vaporization. These processes of material removal by thermal stresses and surface
vaporization are generally referred as thermal ablation [18]. In photoablation, the energy
of the incident photon causes the direct bond breaking of the molecular chains in the
organic materials resulting in material removal by molecular fragmentation without
significant thermal damage. This suggests that for the ablation process, the photon energy
must be greater than the bond energy. The ultraviolet radiation with wavelengths in the
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range of 193-355 nm corresponds to the photon energies in the range of 6.4-3.5 eV. This
range of photon energies exceeds the dissociation energies (3.0-6.4 eV) of many
molecular bonds (C-N, C-O, C=C etc) resulting in efficient ablation with UV radiation
[20]. However, it has been observed that ablation also takes place when the photon
energy is less than dissociation of energy of molecular bond. This is the case for far
ultraviolet radiation with longer wavelengths (and hence correspondingly smaller photon
energies). Such an observation is due to multi-photon mechanism for laser absorption. In
multi-photon mechanism, even though the energy associated with each photon is less
than dissociation energy of bond, the bond breaking is achieved by simultaneous
absorption of two or more photons.
The laser-material interaction during ablation is complex and involves interplay
between the photo-thermal (vibrational heating) and photo-chemical (bond breaking)
processes. One of the important considerations during the laser-material interaction
studies is the thermal relaxation time (τ). Thermal relaxation time is related with the
dissipation of heat during laser pulse irradiation and is expressed as [21]:
d2
,
τ=
4α

(1.40)

where d is absorption depth and α is the thermal diffusivity. For longer pulses (with pulse
time longer than thermal relaxation time), the absorbed energy will be dissipated in the
surrounding material by thermal processes. To facilitate the photo-ablation of material
with minimum thermal damage, the pulse time must shorter than thermal relaxation
times. For such short pulses (pulse times in the range of microseconds), the laser energy
is confined to a very thin depth with minimum thermal dissipation. Thus, efficient
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ablation of the material during laser-material interactions necessitate the laser operating
at shorter wavelengths with microsecond pulses. Pulsed laser ablation is extensively used
in the materials processing and the medical applications. In materials processing, it can
be used for micromachining, marking, grooving, cutting, drilling, and patterning of wide
range of materials; while, in medical applications, it can be used for precision ablation of
tissues such as human corneal tissues.

1.3

Microstructure Evolution

Laser surface processing presents convenient means of microstructure modification for
material surfaces. Such microstructural modifications at the surfaces are expected to
provide ways to control and achieve desired surface properties for wide range of
applications. The evolution of surface microstructure and morphology depends on the
regime of laser-material interactions. Extensive investigations have been done to
understand the development of microstructure and topography during material heating
[22-24], material melting [25-27] and material removal (evaporation/ablation) regimes
[28-30]. In the heating regime (laser heat treatment), the microstructure evolution is
primary due to solid-state phase transformations. In the melting regime, the laser melted
material rapidly solidifies resulting in the formation of recast layer. The microstructures
at the surface and within the recast laser are primarily influenced by the nature of
material and thermal effects during laser processing. Ablation regime is particularly
associated with microstructuring due to localized material removal resulting in the
formation of physical surface features.
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One of the important fundamental studies on phase and microstructure evolution
during rapid solidification of ceramics is conducted by Levi et al [31]. They used
electrohydrodynamic atomization technique to produce micro-droplets of alumina
ceramic which subsequently solidified into collection chamber. Detailed investigation of
phase selection and microstructure evolution in the rapidly cooled alumina droplets of 10
nm to 300 µm diameter have shown that amorphous phase forms in droplets below 100
nm, γ phase forms between 100 nm and 2 µm, partially transformed δ forms between 2
µm and 10 µm, and stable corundum structure forms above 20 µm. Also, the surface of

the coarse droplets exhibited three distinct morphologies: faceted, dendritic, and cellular.
The formation of metastable γ phase is also observed during rapid solidification of
alumina particles in plasma spraying [31].
In spite of the wide applicability of the laser surface processing for alumina
ceramics, the detailed studies on evolution of phase and morphology during laser surface
processing are limited. Also, the rapid solidification of ceramics during laser surface
melting is far from the containerless solidification in that the melt undercooling is very
small because the substrate acts as a catalytic site that can lower the nucleation barrier.
Hence, major part of the present study is directed towards understanding microstructure
evolution during rapid solidification associated with laser surface processing of alumina
ceramic compacts. The microstructure evolution is studied in terms of the development of
crystallographic texture and morphology of the surface grains. The microstructural results
are correlated with the cooling rates derived from heat flow model.
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1.4

Laser Surface Structuring Applications

Laser surface structuring of ceramics presents the potential of modifying/improving the
surface properties for broad applications in structural, engineering, electronics and
biomedical industries. Some of these specific potential applications are briefly explained
here.

1.4.1 Laser Dressing of Alumina Grinding Wheels
Alumina ceramic is an important conventional abrasive material used in machining
(grinding) applications. Abrasive grinding wheels consist of irregular alumina particles
(grains) compacted and bonded together with bonding ingredients (typically vitrified
glassy compositions) and contain a certain level of controlled porosity. Each particle on
the surface of the grinding wheel acts as a cutting tool and contributes to the total
material removed during machining. Among various wheel and workpiece parameters,
the performance of grinding wheels is highly influenced by the particle (grain) size and
the sharpness of the abrasive grains. However, the properties of these surface grains
progressively deteriorate as the number of grinding passes increases. During grinding,
due to sliding forces, the surface grains becomes blunt and lose their ability to efficiently
remove the material from the workpiece (Figure 1.5a). The most common practice in
industry is called diamond dressing (mechanical dressing) which uses a single point
diamond tool to fracture and remove the blunt surface grains and expose new sharp grains
thus re-generating the new surface for efficient grinding (Figure 1.5b). However, the
process has many quality and economic disadvantages such as increase in consumable
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Fig. 1.5 Schematic of the dressing set up and surface morphology generated during two
different approaches of wheel dressing. (a) Used grinding wheel surface before dressing
showing blunt surface grains with the metal particles loaded in the interconnected
porosity; (b) surface features of diamond dressed grinding wheel showing newly exposed
irregular, sharp grains obtained by fracturing the surface layer of blunt grains and (c)
surface features of laser dressed grinding wheel obtained by rapid solidification of
alumina grinding wheel surface showing highly refined multi-faceted grains with well
defined edges and vertices.
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cost due to wear of diamond tool and wheel and decrease of production rate due to
frequent dressing. It has been reported that up to 90% of the wheel material is consumed
in dressing operation compared to the actual grinding of the workpiece [32]. Also, the
diamond dressing imparts various surface and sub-surface defects such as cracks which
may lead to premature fracture of the grinding wheel during machining operation.
Attempts have been made to use lasers as dressing tools for grinding wheels due
to inherent advantages of the laser processing such as non-contact dressing and ease of
automation. The primary motivation for such studies came from the ability of lasers to
selectively ablate the low melting point bonding ingredients and/or blunt surface alumina
grains of the grinding wheels so as to expose the new sharper grains on the surface of
wheel for cutting action. Hence, to carry such an ablation of material, the laser dressing at
high laser intensities such as 4 × 1010 W/m2 was suggested [33, 34]. In one of the other
studies, lasers are used in combination with the conventional diamond dressing [35].
Here, a laser selectively heats the grinding wheel surface, which is subsequently dressed
by the diamond tool. The primary purpose in such studies is to reduce the wear of the
diamond dressing tools by preheating the wheel surface by laser ahead of the diamond
tool. Most of these approaches have had limited successes in realizing the full potential of
non-contact laser dressing such as in-process dressing, improved productivity, low cost of
production and consistency in workpiece finish.
Recently, considerable efforts have been made by our research group to develop
the laser dressing method for alumina grinding wheels [36-28]. A novel approach is
proposed for laser dressing technique using laser intensities lower than that is required for
ablation of grinding wheel surface ingredients. The approach is based on the surface
27

melting and solidification rather than direct ablation of material. A laser beam is directed
normal to the grinding surface of wheel with laser intensities high enough to cause
melting of the blunt grains on the grinding wheel surface. Also, under these regimes of
laser intensities the low melting point bonding ingredients evaporates thus facilitating the
melting and solidification of high melting point alumina (melting point~2300 K). The
rapid solidification associated with laser melting of alumina results in a wheel surface
morphology characterized by multifaceted grains with micropores between the faceted
grains. Each multifaceted grain exhibit well defined edges and vertex which can act a
single micro-cutting tool on the grinding wheel surface (Figure 1.5c). Additionally, since
these surface features are on the micron scale, such a laser dressed grinding wheel with
these surface microstructural features is well suited for the microscale grinding
application. The solidification microstructures on a surface of grinding wheel can be
efficiently controlled by changing the laser dressing parameters making the lasers reliable
and efficient dressing tools for grinding wheels for precision machining applications.

1.4.2 Tribological Applications
For many tribological applications, it is critically important to maintain the lubricant film
between sliding components that are subjected to high load. Friction behavior and wear
resistance of the sliding components is greatly influenced by topography of the surfaces.
Laser structuring of the sliding surfaces is attracting significant interests for improving
tribological properties of variety of materials such as metals, ceramics and glass [39].
Lasers can produce selective and periodic topographic feature on the flat surfaces by
localized ablation or evaporation mechanism. Such microstructures acts as reservoirs for
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the lubricating fluid and hampers the drain of it. These reservoirs also collect the abrasive
particles during sliding. Some of the possible structures (channels, pits, etc.) produced by
laser surface structuring of 100Cr6 and alumina are presented in Fig. 1.6. The depth of
channels can be controlled by controlling the laser processing parameters. It has been
observed that laser structuring results in the significant reduction of friction coefficient
primarily due to creation of lubricant reservoirs on the sliding surfaces.

Fig. 1.6 Micrographs of laser structured surfaces: (a) micro-channels in 100Cr6 generated
using Q-switch laser mode, (b) micro-channels in 100Cr6 generated using continuous
wave laser mode, (c) micro-pits in 100Cr6, and (d) crossed micro-channels in alumina
[39].
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1.4.3 Biomedical Applications
The surfaces of biomedical implants are often coated with bioceramics like zirconia.
Zirconia offers good fracture toughness and bending strength in addition to the excellent
biocompatibility. However, actual utilization of such coated implants is still not realized
primarily due to lack of understanding about the complexity of interactions taking place
at the implant surfaces in the biological environment. It is, however, realized that surfaces
of artificial implants should have hierarchical structure similar to natural bone material.
Laser surface structuring of biomaterials is attracting significant interests to generate
hierarchical textured bioactive material. Fig. 1.7 presents micrographs of laser textured
zirconia coated titanium-based substrates showing multi-scale nature of the surface [40].

Fig. 1.7 Multi-scale nature of laser textured zirconia coated titanium-based substrates
[40].
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1.4.4 Surface Densification
Refractories are extensively used in crucibles and linings of furnaces and incinerators.
The important properties of refractories for high temperature applications include
excellent thermal shock resistance, chemical inertness and structural stability.
Refractories also exhibit low thermal conductivity and coefficient of expansion.
However, life of the refractories is often limited by ingression of molten slag and
consequent accelerated chemical degradation. Laser surface processing can be effectively
used for crack-free sealing the surface porosity of the ceramic refractories causing
reduction in the penetration of molten slag and chemical degradation. This crack-free
densification of the refractories is based on the surface melting of the ceramics and
subsequent sealing of the pores by the molten material (Fig. 1.8) [41].

Fig. 1.8 Micrographs of 85 % alumina samples surface densified by the CO2 laser and the
flame: (a) plan view showing boundary between treated and untreated region, (b), (c)
high magnification views of a region on a laser track, and (d) cross-section of laser
surface densified region [41].
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Chapter 2
Experimental Procedure

2.1

Selection of Materials

Rapid solidification of metallic material is extensively reported in the literature.
However, there are very limited studies devoted to the rapid solidification of ceramics.
This may be partly due to assumption that low thermal conductivity of these materials
makes the rapid solidification less feasible. On the other hand, higher structural
complexity of the ceramics is expected to result in sluggish kinetics thus enhancing
undercoolability. Hence this study is primarily directed towards understanding the rapid
solidification behavior of industrially important alumina ceramics subjected to laser
surface processing.
Alumina-based ceramic compacts (5 cm × 5 cm × 2.5 cm) used for the laser
surface modification experiments were cut from commercially available vitrified grinding
wheels (purchased from MSC Industrial Supply Co.) using a carbide grit rod saw (Make:
STANLEYTM) in dry condition. The grinding wheels are commercially made from
artificial aluminum oxide produced by melting bauxite at high temperature in an arc type
electric furnace [42]. The compacts consisted of irregular abrasive grains of average size
around 220 µm with average porosity of around 40% by volume. The abrasive grains
were primarily composed of Al2O3 (~99.52 wt%) with traces of Cr2O3 (~0.25 wt%),
Fe2O3 (0.05 wt%), and Na2O (0.18 wt%).
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2.2

Optimization of Laser Processing Parameters

A 4 kW HASS continuous wave Nd:YAG laser was used for the laser-assisted rapid
surface microstructuring of alumina ceramic. The laser processing was carried out with
laser fluence in the increment of around 38 J/cm2 above 458 J/cm2 up to 726 J/cm2. This
range of laser processing parameters corresponds to significant melting of the ceramic
surface. The schematic of the processing set-up is presented in Fig. 2.1. The laser beam
was fiber optically delivered and focused on the flat surface of the ceramic sample which
was mounted on the translation stage allowing the movements along X-, Y-, and Z-axes.
Entire surface of the alumina ceramic was modified by laying the parallel tracks with
linear translational speed of 100 cm/min. The movements of the translation stage can be
directly controlled through CNC programs such that different 2D geometric data can be
used for microstructuring of surface.

Fig. 2.1 Experimental set-up for laser surface structuring of alumina ceramic
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2.3

Modified Surface Characterization

For characterization, the specimens were prepared by cutting small coupons (1.5 cm × 1.5
cm × 1.0 cm) from laser surface modified specimens with a ISOMETTM low speed saw
(Make: BUEHLERTM) using a diamond blade (Make: BUEHLERTM) in dry condition.
The surfaces before and after laser surface modifications were preserved during specimen
cutting to ensure that microstructure, surface condition, roughness is unaffected by the
sample preparation methods. The dry condition during cutting is used to prevent the
impregnation of cutting media into porous alumina samples and eliminate the possibility
of undesirable affects during subsequent microstructural characterization. Additional
surface preparation is carried out relevant to each characterization technique.

2.3.1 Microstructural Attributes (Scanning Electron Microscopy)
The characterization of surface morphology of alumina grains before and after laser
surface modifications is conducted using a HITACHITM S3500 SEM. The SEM was
operated in high vacuum mode at an accelerating voltage of 15 kV and filament current
of 78 µA. Also, qualitative elemental analysis was conducted using Energy Dispersive
Spectrometer (EDS) system attached to SEM. Due to low conductivity of alumina
ceramic, sample preparation for SEM included an additional step of coating the specimen
with gold to minimize build up of electric charge. The gold coatings on samples of
alumina ceramic were deposited using SPI MODULETM sputter coater operated at
pressure of 10-1 Torr and sputtering current of 20 mA for deposition time of 20 s. The
grain size of the surface grains is given as the average diagonal distance of the polygonal
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grain. The surface grain size and the porosity were determined by the image analysis of
several (more than five) SEM micrographs and the average value along with the positive
and negative error bars is reported.

2.3.2 Phase and Micro Texture Evolution (X-ray Diffraction and Orientation
Imaging Microscopy)
Detailed characterization of the phase and micro-texture before and after laser surface
modifications of alumina ceramic compacts was conducted using x-ray diffraction
technique. The preliminary X-ray diffraction analysis of the laser surface modified
alumina coupons was carried out using Philips Norelco x-ray diffractometer operating
with Cu Kα (λ=1.54178 Å) radiation at 20 kV and 10 mA. The diffraction angle was
varied between 20 and 100 degree 2-theta at a step increment of 0.02 degree 2-theta with
a count time of 1 s. The surfaces of alumina ceramic before and after laser surface
modification (without any pulverizing into powder) were directly examined by x-ray
diffraction to facilitate the study of development of preferred orientation.
For detailed texture analysis, Philips X’Pert Analytical Diffractometer with Cu Kα
radiation as a point source operating at 45 kV and 40 mA was used. Reflection method
was used to obtain the pole figures by varying rotation angle, φ, between 0 and 360
degrees and varying tilt angle, ψ, between 0 and 85 degrees. Schematic of the typical
diffraction geometry along with various rotation and tilt axes for texture analysis is
presented in Fig. 2.2 [43, 44]. For texture measurement, each coupon of un-modified and
laser surface modified alumina ceramic was mounted directly on the specimen holder
using adhesive binder such that surface of the sample is as flat as possible. During texture
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analysis, the counter is fixed in the 2-theta position corresponding to the planes which are
expected to exhibit the preferred orientation. In the present study, texture analysis is
conducted for determining preferred orientation of various planes corresponding to
respective diffraction angles (2-theta). Once the counter is fixed at diffraction angle (2theta), the sample holder is slowly rotated about the diffraction axis such that surface of
the sample is equally inclined to the incident and diffracted beam directions. This
corresponds to initial position of the sample. The sample is then slowly rotated about the
rotation and tilt axes to obtain a series of φ-scans at different tilt angles. The step size for
the rotation and tilt axes was 5 degree and the time per step was 1 s. The diffraction data
obtained from these experiments was used to generate the pole figures presented as
contour plots with zero angle at the center using the method described in reference [43].

Fig. 2.2 Schematic of the diffractometer geometry for texture analysis.
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The pole figure analysis explained in the previous section provides useful
information about the overall texture evolution as function of laser processing parameters
in the laser surface modified alumina ceramic. In order to evaluate the micro-texture
evolution during directional rapid solidification of alumina ceramic during laser
processing, localized crystallographic information is needed. Orientation Imaging
Microscopy (OIM) gives local crystallographic information using Kikuchi patterns. This
information can be used to obtain crystallographic orientation maps from the larger area
of the sample thus giving more global information regarding micro-texture at the surface.
For successful characterization of micro-texture in laser surface modified alumina
using OIM, the sample preparation is critically important. The surfaces for the OIM
analysis must be flat in the nanometer levels to generate good quality Kikuchi patterns. In
the present studies, sample surfaces were wet polished using a series of SiC grinding
papers (600, 800, 1200 mesh) followed by polishing on micro-cloth with colloidal silica
slurry (0.05 micron abrasive size). Since, alumina is non-conductive, the samples were
carbon coated to uniform thickness of 3 nm and grounded with copper tape to the sample
stage in the SEM. Kikuchi patterns and subsequent orientation maps were generated
using a commercial Philips XL30 FEG SEM equipped with a TSL orientation imaging
microscopy system using a special CCD camera. During OIM experiment, SEM was
operated at 20 kV accelerating voltage and the sample was tilted to about 70° from the
horizontal. Kikuchi pattern quality is strongly influenced by tilt angle, accelerating
voltage and sample surface quality. OIM patterns are produced by a very small fraction
of total scattered electrons signal. OIM procedure involves obtaining background image
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which is subsequently subtracted from each acquired pattern prior to indexing. To obtain
the crystallographic orientation information from a larger surface area of the sample, the
electron beam is scanned over a selected area of laser modified surface with a step size of
3.75 µm. The quality and sharpness of the individual Kikuchi pattern is judged by
Confidence Index (CI). Since the initial x-ray analysis suggested the formation of
equilibrium α-alumina phase, indexing of the kikuchi patterns is carried out using
hexagonal crystal structure.

2.3.3 Surface Morphology (Stylus Profilometry and Atomic Force Microscopy)
Surface morphology of the laser modified alumina ceramic was characterized using
stylus profilometry and Atomic Force Microscopy (AFM) to get the microscopic
behavior of the
A stylus-based Mahr Federal Perthometer M1 with stylus tip radius of 2 µm was
used for the measurement of surface roughness parameter, Ra (arithmetic mean deviation
of the roughness profile). The measurement was conducted for a tracing length of 1.75
mm on the surface of five laser surface modified specimens and the average value along
with positive and negative error bars is reported. During the measurements, the sample
was firmly mounted on the horizontal stage with adhesive binder to prevent the
movement of specimen during traversing of stylus tip. Autoprobe M5 (Park Scientific
Instruments, Sunnyvale, CA) Atomic Force Microscope (AFM) was used in contact
mode to determine the topography of surface micro-features of the laser structured
alumina. The maximum lateral and vertical resolutions of the instrument were 0.5 and
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0.025 Å respectively. AFM measurements were conducted to profile the individual
faceted polygonal grains within modified surface region.

2.3.4 Fracture Behavior (Micro-indentation)
To evaluate the influence of laser surface modification on the fracture properties of
alumina ceramic, micro-indentation experiments were conducted. A microhardness tester
(BUEHLERTM, Lake Bluff, IL) was used for measuring hardness by performing
indentations at a load of 19.6 N and holding time of 15 s. Fracture toughness (KIC) was
obtained using direct crack measurement method. The fracture toughness, KIC (MPa.m1/2

), is given by:
K IC

E
= 0.016 
H

1/ 2

P
c3/ 2

,

(2.1)

where E is the Young’s Modulus (380 GPa), H is the Vickers hardness (GPa), P is the
applied load (N), and c is the diagonal crack length (m) [45]. The fracture toughness was
obtained for five indentations on each sample and the average value is reported along
with positive and negative error bars.
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Chapter 3
Laser Process Parameter Dependent Transitions in Rapidly
Solidified Alumina

This chapter present the results of laser surface modification of porous alumina ceramic
carried out with a range of laser fluences. Major focus of this chapter is on the study of
evolution of surface microstructure (phase, faceted surface grain morphology, and
crystallographic texture) following laser surface modifications. Most importantly, this
chapter discusses the formation of faceted morphology of surface grains and its
correlation with the crystallographic texture, and effect of laser fluence on variation in
extent of faceted morphology in terms of curvature factor. Finally, a fractal analysis
based approach is introduced to characterize the complexity of surface microstructures in
laser surface modified alumina.

3.1

Evolution of Morphological Texture

When the porous alumina ceramics are irradiated with a high power laser beam, the
energy is absorbed into the material. The interaction of the laser beam with porous
ceramic is a complex phenomenon due to effects of surface porosity. The surface porosity
can cause the multiple reflections of the incident beam from the pore walls resulting in
enhanced overall absorption of the laser energy. Depending on the incident laser fluence,
the absorbed energy causes the heating, melting and vaporization at the surface of
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ceramic. For densification of surface porosity of the alumina ceramic, the regimes of
laser processing which cause the surface melting are desirable. The molten material
formed at the surface flows in the surface pores and subsequently undergoes rapid
solidification forming a dense resolidified surface layer. A low magnification photograph
of alumina ceramic before and after laser processing is presented in Fig. 3.1. The figure
indicated the parallel tracks of resolidified material over a large area of alumina specimen
resulting in crack free sealing of porosity on the surface of alumina.
A typical microstructure in the cross section of the laser surface modified alumina
ceramic (with laser fluence of 535 J/cm2) in half laser track is presented in Fig. 3.2 along
with corresponding schematic of the surface modification process. The figure clearly
shows the highly dense semi-elliptical resolidified area and a highly porous underlying
substrate separated by a well defined interface between them. The semi-elliptical shape of
the resolified layer is a direct consequence of near Gaussian energy distribution of energy
in the laser beam. The maximum melting depth corresponded to the energy maxima at the
center of laser beam.
The effects of laser irradiation on the surface microstructure of the alumina
ceramic are illustrated in Fig. 3.3. The figure presents a set of SEM surface micrographs
corresponding to the untreated alumina substrate (Fig.3.3a) and laser surface modified
alumina at laser fluence in the range of 458-687 J/cm2. (Fig.3.3b-h). The untreated
substrate consisted of irregular alumina grains with a high degree of interconnected
porosity. The surface modification of such highly porous alumina substrate with high
power laser resulted in highly dense surface microstructure characterized by systematic
development of surface morphologies as a function of laser fluence. It is evident that the
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Fig. 3.1 Low magnification picture showing alumina ceramic before (upper portion) and
after (lower portion) laser surface modification.

Fig. 3.2 Schematic of laser surface modification process for alumina ceramic and
corresponding SEM image of cross-sectional view indicating distinct interface between
laser melted region and substrate.
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surface microstructure of laser modified alumina ceramic is characterised by faceted
polygonal surface grains with varying sizes and extent of surface faceting depending on
laser fluence. Based on these microscopic observations, two distinct regimes of explored
laser processing conditions can be identified: one corresponding to the laser fluence less
that 573 J/cm2 and the other corresponding to laser fluence greater than 573 J/cm2. Below
573 J/cm2 (Fig.3.3b-c), the laser surface modified alumina underwent progressive
development of faceting on polygonal surface grains. The surface grain morphology
corresponding to laser fluence of 573 J/cm2 is characterized by highest extent of faceting
with well defined multi-faceted microstructure of each polygonal surface grain.
Interestingly, above 573 J/cm2, the surface grains tend to deviate from polygonal shapes
transitioning from irregular to near circular shapes.

Fig. 3.3 SEM micrographs of surface of (a) untreated alumina substrate and laser surface
modified alumina at laser fluence of (b) 458 J/cm2, (c) 496 J/cm2, (d) 535 J/cm2, (e) 573
J/cm2, (f) 611 J/cm2, (g) 649 J/cm2 and (h) 687 J/cm2
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The surface of the laser surface modified alumina ceramics was characterized by
the formation of faceted surface grains by the virtue of development of texture as will be
discussed in next section.

In addition to faceting, these surface grains were also

characterized for size and shape. Furthermore, the SEM micrographs and the
corresponding 3-D topographical maps presented in Fig. 3.4 indicate that the surface
morphology of the laser modified surfaces is greatly influenced by the laser processing
fluence. As the laser fluence increases, the size of the polygonal surface grains increases
as indicated by the progressive increase in the flat crater like areas in the topographical
maps. The variation in grain size with laser fluence is in direct accordance with the
established relationships between the grain size and the cooling rates [46]. As the laser
fluence increases for the same traverse speed, the cooling rate decreases resulting in
larger grains at higher laser fluences. Also, the surface porosity in the laser treated
alumina decreases with laser fluence as indicated by the progressive flattening of the
topographical map and the disappearance of contrast peaks corresponding to the surface
porosity.
The evolution of shape of the surface grains can be expressed in terms of a
curvature factor. The curvature factor of the faceted surface grain is defined as:
Curvature Factor (CF ) =

K 2 R1
=
,
K 1 R2

(3.1)

where K and R are the curvature and radius of curvature respectively measured at corner
(subscript 1) and side (subscript 2) of the polygonal faceted surface grains (Fig. 3.5). For
a nearly perfect polygon, with a very small value of R1 (radius of curvature at the corner
of the polygonal grain) and a very large value of R2 (radius of curvature at the side of the
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Fig. 3.4 SEM micrographs and corresponding 3D topographical maps showing the
evolution of surface morphology in laser surface modified alumina ceramics. (a) Alumina
ceramic substrate before laser surface modification and (b-d) after surface modification
with laser fluence of 496 J/cm2, 573 J/cm2 and 649 J/cm2 respectively.
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Fig. 3.5 Schematic representation of the polygonal surface grains used for curvature
factor calculation. Curvature factor is given by ratio R1 /R2.

polygonal grain), the curvature factor yields the value close to zero, whereas, for a
perfectly circular grain with equal R1 and R2, the curvature factor equals unity (Eq. 3.1).
Hence, evolution of shape of surface grains from polygonal to nearly circular grains can
be characterized by considering the variation of curvature factor from zero to unity.
Curvatures of each individual grain are calculated using ImageJ software by fitting circles
of varying sizes at the corner and side of grain.
The effect of laser processing parameters on the evolution of morphology of the
surface grains can be visualized in the relationship between the curvature factor and the
grain size of the faceted surface grains presented in Fig. 3.6 along with the corresponding
SEM micrographs of surface morphology of the laser surface modified alumina. The
increase in laser fluence increased the grain size of the faceted surface grains (Fig. 3.6).
Also, the curvature factor showed a consistent low value (~ 0.1) up to the laser fluence of
611 J/cm2 indicating polygonal faceted surface morphology of the surface grains. Above,
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Fig. 3.6. Grain size, curvature factor, and corresponding SEM micrographs of the surface
grains in laser surface modified alumina at various laser fluences [(♦) grain size and (■)
curvature factor].
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611 J/cm2, the curvature factor deviated towards larger values suggesting the initiation of
the change in morphology of grains from polygonal towards nearly circular grains. The
observation of the SEM micrographs in Fig. 3.6 indicates that well developed faceted
surface grains form at the laser fluence of 573 J/cm2.
The faceted surface grains are also characterized by the presence of underlying
cuboidal crystallites (Fig. 3.7), which are the basic building blocks for the formation of
faceted polygonal surface grains. There are various theories of faceted crystal growth
during solidification [47-49]. The first model is related to the formation of metastable
phases at large undercooling. This is based on a theory of faceted growth during
solidification proposed by Cahn [47], which takes into account the undercooling as a
driving force. It was proposed that there exists a critical undercooling, ∆Tcrit, below
which the driving force is not sufficient to move the interface normal to itself resulting in
non-faceted grain morphology. In the context of our specimens, it seems at first that the
faceted morphology of polygonal surface grains with underlying cuboidal crystallites is
the direct consequence of the phase transformation of α-Al2O3 to γ-Al2O3 at large
undercooling rates. However, during laser surface modifications, the underlying substrate
is expected to provide the catalytic nucleation sites for the growth of stable α-Al2O3 and
accompanying low undercooling in constrained solidification. This is confirmed by the
observation of stable α-Al2O3 phase in the laser surface modified alumina ceramic. The
above discussion rules out the faceted growth model based on metastable phase formation
at large undercooling [47, 48] for the present experimental conditions.
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The faceting behavior of the α-Al2O3 phase in the present investigations is in
accordance with the solid-liquid interface model of Jackson [49]. According to this
model, a faceted interface is formed when the dimensionless parameter, J, is greater than
2. This dimensionless parameter is given by
 ∆H 
 ∆S 
ξ ,
J =
ξ = 
 R 
 Tm R 

(3.2)

where ∆S, ∆H, Tm, and R are the entropy of fusion, the heat of fusion, the melting point,
and the gas constant respectively; ξ is a parameter close to unity [13, 14]. For α-Al2O3,
the heat of fusion (∆H) is 26 kcal/mol and the melting point (Tm) is 2323 K such that
∆S/R and hence J are equal to 5.63, suggesting the faceted growth in alumina [50]. The

formation of morphological texture marked by faceted grains at the surface can be the
consequence of crystallographic texture evolved at the surface of laser modified alumina
under the rapid solidification conditions.

Fig. 3.7. Faceted morphology of polygonal surface grains associated with laser surface
modification of an alumina ceramic.
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3.2

Evolution of Phase and Crystallographic Texture

Previous section discussed the formation of faceted surface grains in laser surface
modified alumina ceramic in view of general theories of faceting. Ruling out the
formation of metastable phase, development of crystallographic texture seems to be the
highly possible mechanism for the formation of faceted surface grains. To get insight into
the development of characteristic faceted surface microstructure, detailed x-ray
diffraction analysis was conducted. X-ray diffraction technique is a powerful technique
for determining the development of crystallographic texture from the surface of ceramic.
The x-ray analysis indicated the formation of stable α-alumina phase at all the laser
fluences employed in the present study. During laser surface melting (rapid processing)
of ceramics the solidification can proceed by direct growth of the crystalline phases from
the solid liquid interface into the melt without nucleation within the melt pool. Hence the
substrate below the melted region can act as catalytic sites for the growth of stable αalumina. The observation of α-alumina in the present study is supported by the previous
observations which indicated that the formation of metastable phases require the
elimination of the catalytic sites for nucleation of α-alumina [51] which is not likely to
happen during the surface melting of alumina ceramic such as in the present case. Also,
studies have indicated that laser surface processing can transform the metastable γalumina in plasma sprayed coatings into more stable α-alumina [52]. Hence the laser
processing regimes employed in the present work for surface modification of alumina
ceramic resulted in formation of α-alumina due to availability of the catalytic sites at the
melt-substrate interface for growth of stable phases and consequent low undercoolings in
the constrained solidification.
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Fig. 3.8 X-ray diffraction patterns of (a) untreated alumina substrate and laser surface
modified alumina at laser fluence of (b) 458 J/cm2, (c) 496 J/cm2, (d) 535 J/cm2, (e) 573
J/cm2, (f) 611 J/cm2, (g) 649 J/cm2 and (h) 687 J/cm2.
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The development of characteristic surface microstructures in α-alumina (Fig. 3.3)
can be explained on the basis of development of crystallographic texture in the laser
surface modified alumina ceramic. The x-ray diffraction spectra of the surface of alumina
substrate (Fig.3.8a) and the laser surface modified alumina at laser fluence varying from
458 to 687 J/cm2 (Fig.3.8b-h) can assist in evaluation of crystallographic texture. In order
for the relative comparison among x-ray spectra of surface modified alumina using
various laser fluences, the raw intensity counts data was normalized to obtain relative
intensities of peaks in each spectrum. Both the substrate and laser surface modified
specimens indicated the presence of highly stable α-Al2O3 phase (ICDD PDF#: 46-1212).
The reformation of such a stable phase even under the rapid solidification rates prevailing
during laser surface processing was due to the presence of underlying substrate that
provided heterogeneous nucleation sites for the formation of stable α-Al2O3 phase.
Further analysis of the x-ray spectra revealed a systematic variation of relative
intensities of (1 1 0) and (1 0 4) planes with laser fluence. The details of intensity
variation corresponding to (1 1 0) peaks in representative x-ray diffraction patterns is
presented in Fig. 3.9. The substrate showed a strongest peak corresponding to (1 0 4)
reflection in agreement with the standard randomly oriented reference pattern (ICDD
PDF#: 46-1212) and the absence of peak corresponding to (1 1 0) reflection. Earlier
described two regimes of laser fluence (less and greater than 573 J/cm2) also indicated the
systematic variation of relative intensity of (1 1 0) plane. The relative intensity of (1 1 0)
reflection increased progressively with laser fluence up to 573 J/cm2 followed by a
gradual decrease above the fluence of 573 J/cm2 (Fig. 3.9). This is accompanied by the

52

Fig. 3.9 Relative intensity of (1 1 0) reflection (2θ = 37.785°) of α-Al2O3 substrate and
laser surface modified alumina with various laser fluences.
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general reverse trend of variation of the relative intensity of (1 0 4) plane compared with
the trend of variation of the relative intensity of (1 1 0) plane with laser fluence.
Intensities corresponding to other planes did not indicate any specific trend in variation of
peak intensity as a function of laser fluence. Thus, there existed an intermediate value of
laser fluence (573 J/cm2) which showed strongest (1 1 0) peak and weak (1 0 4) peak
(This (1 0 4) peak is the strongest peak in pattern of substrate and also in the reference
pattern of randomly oriented sample corresponding to ICDD PDF#: 46-1212).
The development of texture with the laser fluence can be quantified in terms of
the texture coefficient (TC) given by [53]:
−1

I (hk l )  1
I (hk l ) 
Texture Coefficient (TC ) (h k l ) =
 ∑
 ,
I 0 (h k l )  n
I 0 (h k l ) 

(3.3)

where I(h k l) are measured intensities of (h k l) reflection; I0(h k l) are powder diffraction
intensities of α-alumina according to the JCPDS (card no. 46-1212); and n is the number
of reflections used in the calculations. Following (h k l) reflections corresponding to αalumina were used in the texture coefficient calculations: (0 1 2), (1 0 4), (1 1 0), (1 1 3),
(0 2 4), (1 1 6), (2 1 1), (2 1 4), (1 0 10), (2 2 0) and (2 2 3). Table 3.1 summarizes the
results of texture coefficient calculations for the observed (h k l) reflections in α-alumina
at various laser fluences. In order to select the dominant reflections which show the
strong texture in the laser surface modified alumina, an average texture coefficient is
defined:
TC avg (h k l ) =

∑ TC (h k l ) ,
N
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(3.4)

Table 3.1 Texture coefficients (TC) of various (h k l) planes for alumina substrate and
laser surface modified alumina at various laser fluences.
Plane

Texture Coefficient

Average Texture

(h k l)

Substrate

496 J/cm2

573 J/cm2 649 J/cm2 726 J/cm2

(012)

0.14

0.74

0.02

0.13

0.00

0.22

(104)

0.35

1.13

0.17

0.49

0.02

0.42

(110)

0.00

1.73

3.52

1.16

0.30

1.39

(113)

0.17

0.16

0.17

0.06

0.91

0.36

(024)

0.56

1.36

0.13

0.90

0.22

0.74

(116)

0.04

0.17

0.16

0.72

0.08

0.23

(211)

0.00

1.13

2.22

2.26

0.00

1.53

(214)

0.22

0.16

0.09

1.42

0.05

0.83

(1 0 10)

0.92

0.25

0.04

0.10

0.00

0.22

(220)

0.00

3.45

4.84

2.55

1.58

2.54

(223)

0.22

1.24

0.81

2.15

0.28

1.05
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Coefficient

where N is the number of laser fluences used in the study. The results of these
calculations are also presented in Fig. 3.10, which indicate that the (1 1 0), (2 2 0) and (2
1 1) are the strongest reflections which corresponded to higher values of average texture
coefficients. Hence these reflections were selected for further analysis of texture
evolution during laser surface modification of alumina ceramic with various laser
fluences. The variations of texture coefficients (TC) for (1 1 0), (2 2 0) and (2 1 1)
reflections of α-alumina with laser fluence are presented in Fig. 3.11. The figure clearly
indicates the systematic variation of the texture coefficients of these planes with laser
fluence. The texture coefficient of the (1 1 0), (2 2 0) and (2 1 1) reflections increased
with laser fluence, reached maximum around 573 J/cm2 and then decreased at high laser
fluences. This can also be observed from the x-ray diffraction spectra (Fig. 3.8) which
show the absence of (1 1 0) and (2 2 0) reflections in the substrate (corresponding to
TC(1 1 0) and TC(2 2 0) = 0) and very low intensity at high laser fluence (corresponding
to small values of TC(1 1 0) and TC(2 2 0)). The intensities of (1 1 0) and (2 2 0)
reflections reached maximum around the laser fluence of 573 J/cm2 resulting in
correspondingly maximum texture coefficient. The (2 1 1) reflection also exhibited the
nearly similar trend of variation of texture coefficient with the laser fluence. The
development of strong texture at 573 J/cm2 can be related with the formation of highly
faceted morphology of the surface grains as discussed in next sections.
The evolution of crystallographic texture during solidification or film growth has
strong effect on evolution of resultant surface features such as faceted morphology of the
surface grains. Early model of faceted growth was proposed by van der Drift [54]. The
model considers that each crystallite or grain grows with each crystallographic facet
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Fig. 3.10 A bar chart for average texture coefficient for various (h k l) planes of αalumina calculated over a range of laser fluences used for surface modifications.

Fig.3.11 Texture coefficients (TC) of (1 1 0), (2 2 0) and (2 1 1) planes of α-alumina as a
function of laser fluence. (Note the data point corresponding to the texture coefficients of
substrate).
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moving with a known normal velocity until a facet meets the surface of another growing
crystallite. The grain boundaries are thus formed when surfaces of different grains
impinge upon each other. The evolution of the faceted morphology then depends on the
relative growth velocities of the various facets. This is schematically illustrated for the 3dimensional case with (1 0 0) and (1 1 1) as growing facets (Fig. 3.12). The figure
indicates that the surface morphology is determined by the ratio of velocities (α3D) of (1 0
0) and (1 1 1) facets (v100 and v111 respectively). The ratio is given by:

α 3D = 3

v100
,
v111

(3.5)

where 3 is numerical factor chosen such that simple, highly symmetric morphologies
occur at integer values of α3D. Hence, if a crystal with facets (1 0 0) and (1 1 1) and
velocity ratio described by α3D is allowed to grow without impingement, it will
asymptotically approach a characteristic, idiomorphic crystal shapes [55].

Fig. 3.12 van der Drift model illustrating the evolution of idiomorphic crystal shapes with
the ratio of relative velocities (α3D) of the {1 1 0} and {1 1 1} facets for 3-dimensional
case [55].
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For intermediate velocity ratios (α3D between 1.0 and 3.0) multiple planes will grow
dominantly until they impinge upon each other thereby providing a multi-plane faceted
grain. From this discussion, in the context of laser surface modification of alumina
ceramic the evolution of (1 1 0) or (2 2 0) and (2 1 1) texture may be related with the
relative growth of (1 1 0) or (2 2 0) and (2 1 1) planes in hexagonal lattice. A schematic
of the formation of faceted crystal from the intersection of {1 1 0} and {2 1 1} planes in
hexagonal lattice is presented in Fig. 3.13. The corresponding shape is compared with the
SEM micrograph of the faceted morphology of the surface grains in laser surface
modified alumina ceramic.

Fig. 3.13 Schematic of the development of faceted morphology from crystallographic
texture in laser surface modified alumina.
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From the previous discussion, it is clear that the faceted morphology of the
surface grains is associated with the evolution of crystallographic texture as determined
by preliminary x-ray diffraction analysis. To get local crystallographic information from
faceted grains, advanced EBSD analysis based on generation of Kikuchi patterns have
been performed. One representative example of a Kikuchi pattern obtained from the
surface of laser surface modified alumina is presented in Fig. 3.14. The Kikuchi patterns
obtained at different positions on the sample confirmed the presence of α-Al2O3 and were
indexed according to the corresponding hexagonal crystal structure. The EBSD
orientation maps based on a number of such Kikuchi patterns from the surface revealed
the crystallographic orientations of the large surface grains formed during laser surface
modification of alumina ceramic.

Fig. 3.14 Example of Kikuchi pattern used for the calculation of the EBSD orientation
map from the surface of laser surface modified alumina ceramic. Inset shows the
unindexed Kikuchi pattern.
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Pole figures corresponding to planes {0001} , {1210} , and {2 3 10} calculated
from EBSD orientation maps are presented in Fig. 3.15. The figure indicates a high
density of {0001} poles perpendicular to the surface normal which are concentrated in
two opposite directions following the hexagonal representation of the unit cell. It also
shows 6 to 7° tilt between the surface normal and the (1210) pole and a non-tilted
(2 3 10) pole. Based on the calculations from the crystallographic model (Fig. 3.13), the
tilt angle between {1210} and {2 3 10} is found to be 6.6°. All these observations are in
close agreement with the proposed correlations for faceting based on the evolution of
crystallographic texture. Thus, complete crystallographic description of faceted
morphology of surface grains by assigning specific planes to the individual facets is
reached based on detailed x-ray diffraction and OIM analysis. In addition to the faceted
grain morphology, the surface microstructure presents additional complexity due to multi
levels of microstructural features such as microporosity, grain shapes, and sizes (Figs. 3.3
and 3.4). It is important to characterize such microstructural complexity to understand the
overall development of microstructure during laser surface microstructuring. This is
discussed in detail in next section.

3.3

Processing Parameter-microstructure Correlations based on Fractal Analysis

As discussed in the previous section, the laser surface microstructured alumina ceramics
presents substantial variation in microstructural features such as grain size, shape, texture,
etc. even within a limited range of laser fluences explored in the present study. Hence to
provide early handle over such variation within and possibly beyond the set of parameters
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Fig. 3.15 Calculated pole figures showing the distribution of {0001} , {1210} , {2 3 10}
poles with respect to surface normal. Maximum intensities are circled and show the
(2 3 10) texture as discussed in the text.
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use, a concept of fractal analysis is used. The concept of fractal geometry which was
originally developed for analysis of irregular features in nature, is finding increased
applications in the fields of materials science for the characterization of microstructures
[56-61]. Fractal dimensions effectively describe the complex and geometrically irregular
microstructure and have been successfully applied in the characterization of grain
boundaries [57], fracture surfaces [58], dendritic microstructures [59], and precipitates,
[60] etc. The effectiveness of this approach for characterization of microstructures is
derived from the ability to establish the useful numerical correlations between the fractal
dimensions and the various properties of the material such as fracture toughness, creep
strength, etc [61]. In view of present study, the concept of fractal dimension is adopted to
develop correlations between few key microstructural parameters and laser fluence.
However, the concept can also be extended to estimate the behavior of several other
parameters as a function of laser fluence.
Fractal dimensions can be calculated using image processing of SEM micrographs
in combination with the implementation of box counting algorithm using a public-domain
software, ImageJ (available from National Institute of Health, USA). In box counting
technique, the fractal dimension (Db) is measured from the number of square boxes, N (r)
required to completely cover the surface profile and size of the boxes, r [62]. The basic
fractal equations using Haudorff measure can be written as:

N (r ) = Cr Db ,

(3.6)

log N = log C − Db log r ,

(3.7)
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where, C is constant. The process is repeated for calculating the number of boxes N(r)
required to cover the surface features with different sizes of the boxes (r). The slope of
the straight line obtained by plotting the number of boxes (N(r)) against its size (r) for
various box sizes on a double logarithmic scale yields the fractal dimension of the surface
features in the microstructure.
In this study, the concept of fractal geometry is applied to characterize the surface
microstructure and derive the useful correlations between fractal dimensions and the
surface microstructural features. Fig. 3.16 represents the important steps in the
calculation of fractal dimension using a SEM micrograph from laser surface modified
alumina ceramic with a laser fluence of 458 J/cm2. Fractal dimension of 1.4611 was
determined for this case. Similarly, fractal dimensions for all other laser fluences were
computed and correlated with various physical attributes such as roughness, porosity,
grain size of laser modified region.
The variation of fractal dimension with the laser processing fluence used for
surface modification of alumina is presented in Fig. 3.17. For all laser processing fluence,
corresponding SEM images with same magnification were given as input to avoid any
magnification related errors. Fractal dimensions of the surface microstructures of the
laser surface modified alumina ranges between 1.46 and 1.71. The figure indicates that
the fractal dimensions increased with laser processing fluence suggesting the increased
complexity of the surface microstructural features at higher laser fluences. This
complexity of microstructure arises from the combination of surface microstructural
features such as porosity, roughness, and grain and subgrain dendritic structures. Similar
studies on characterization of surface morphologies of thin films have demonstrated
64

Fig. 3.16 Calculation of fractal dimension from SEM micrograph using image processing
and box counting algorithm. The slope of the log-log plot shown in the figure
corresponds to the fractal dimension.

65

Fig. 3.17 Variation of Fractal Dimension with laser processing fluence used for surface
modification of alumina ceramic.

that the complexity of thin film morphology were fractal in nature and can be better
characterized quantitatively using fractal dimensions than the conventional approaches
[63].
Various correlations between the fractal dimension and the microstructural
features such as porosity, polygonal grain size and surface roughness are presented in
Figs. 3.18-3.20. As indicated in the Fig. 3.18, the fractal dimension of the laser surface
modified alumina is negatively and linearly related to the amount of porosity with a
correlation parameter of data fitting (R2) of 0.9735. Such a relationship between the
fractal dimension and the porosity is in agreement with the previous studies on the fractal
analysis of porosity in polished samples of plasma-sprayed yttria-stabilized zirconia
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coatings [64]. Fig. 3.19 shows the variation of polygonal surface grain size with the
fractal dimension. The following power relationship with a correlation parameter of data
fitting (R2) of 0.9385 can be drawn from Figure 3.19:
d = kD 5.188 ,

(3.8)

where, d is size of polygonal surface grains and D is fractal dimension. The relationship
between the fractal dimension and the surface roughness of the laser surface modified
alumina followed the negative and linear relationship with correlation parameter of data
fitting (R2) of 0.9456 (Fig. 3.20).

Fig. 3.18 Variation of surface porosity of the laser surface modified alumina with fractal
dimensions (Correlation parameter of data fitting, R2=0.9735).
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Fig. 3.19 Variation of polygonal surface grain size of the laser surface modified alumina
with fractal dimensions (Correlation parameter of data fitting, R2=0.9385).

Fig. 3.20 Variation of surface roughness of the laser surface modified alumina with
fractal dimensions (Correlation parameter of data fitting, R2=0.9456).
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Such relationships can be effectively utilized in predicting the porosity, surface roughness
and grain sizes of the surface microstructure from the fractal dimension obtained by
direct image analysis of the SEM micrographs. Thus fractal-geometry based approach for
characterization of complex irregular microstructures serve as an tool for establishing the
structure-property correlations in the various materials processing techniques.

3.4

Summary

Laser surface modification of porous alumina ceramics caused significant melting and
rapid resolidification resulting in formation of highly densified surface layer. Most
important observation of this work is related with the formation of polygonal faceted
surface grains through development of crystallographic texture in laser modified alumina.
The degree of faceting and associated strength of (1 1 0) crystallographic texture was
found to be highest at intermediate laser fluence (573 J/cm2) of the range used in present
work. Complete description of faceted morphology is provided by assigning specific
crystallographic planes to individual facets. The morphology and associated
crystallographic texture of the surface grains were found to be influenced by the laser
processing fluence. Finally, the concept of fractal analysis was implemented to
characterize the complexity of surface microstructures. Useful correlations were found
between fractal dimensions and surface microstructural features. Most of this chapter
dealt with evolution of surface microstructure and its correlation with the development of
crystallographic texture. It is important to understand the evolution of depth of these
surface modifications during laser surface structuring of alumina. This forms the subject
of next chapter.
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Chapter 4
Laser Process Thermal Effects on Physical Attributes of
Surface Modified Region

Most of the discussion in the previous chapter dealt with the evolution of microstructure
through development of micro-texture at the surface of the laser modified alumina. To
tailor the microstructure for useful applications, it is important to understand the
evolution of depth of modification in addition to the surface microstructure. Due to
thermal nature of the process, surface microstructure and depth of modification in the
surface modified alumina are expected to be influenced by thermal aspects of the process.
This chapter models the thermal and consequent hydrodynamic effects, and discusses its
influence on the evolution of microstructure (primarily depth of modification and surface
grain structure) during laser interaction with porous alumina ceramic.

4.1

Integrative Modeling Approach

During laser surface modification of alumina ceramic, a part of the laser energy is
absorbed into the material. The amount of absorbed energy depends on several factors
such as laser wavelength, temperature, surface roughness, and surface chemistry. In case
of highly porous substrates such as alumina ceramics, absorptivity of the surface for 1.06
µm wavelength is expected to be as high as 0.8 due to multiple reflections from the walls

of pores [50]. The absorption of the laser radiation causes the rapid heating, melting and
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evaporation of the material depending on the incident laser energy. The molten material
rapidly solidifies forming surface recast layer. One of the important microstructural
parameters in the cross-section of the laser modified alumina is the depth of melting. A
typical cross sectional microstructure of the laser surface modified alumina at laser
fluence of 535 J/cm2 is presented in Fig. 4.1. The semi-elliptical shape of the recast layer
is a consequence of distribution of energy in the laser beam such that maximum depth of
melting at the center of melt pool corresponds to the energy maxima along the axis of the
laser beam.

Fig. 4.1 Typical polished cross section of laser surface modified alumina ceramic
mounted in epoxy mould. Surface modification was carried out at a laser fluence of 535
J/cm2.
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Accurate prediction of depth of melting (depth of laser modified layer) is
important for many applications for implementing the intelligent manufacturing. This
requires the understanding of physical processes during laser-material interaction.
Schematic of the physical processes taking place during laser interaction with the porous
alumina substrates is illustrated in Fig. 4.2. The processes are operative for the laser
fluences above the threshold value of laser fluence required for evaporation to be initiated
at the melt surface. Also, the rapid evaporation at the surface of the melt generates the
recoil pressure which drives the flow of molten material into the porous substrate, thus
further extending the depth of melting. The overall depth of melting is then given by the
sum of maximum depth of melting calculated from temperature distribution within the
material and the depth of melt infiltration in the porous substrate induced by recoil
pressure due to rapid evaporation at the melt surface. Thus, an integrative modeling
approach is proposed to calculate the overall depth of melting from heat transfer
equations given by Fourier’s law and fluid flow equations derived from Darcy’s law (Fig.
4.3).

4.2

Temporal Distribution of Temperature

First step in the prediction of depth of melting is the determination of temperature
distribution in the materials during laser irradiation. For this purpose, a three-dimensional
thermal analysis is presented in this section. A control volume of 1 × 1 × 1 cm3 was
considered for thermal analysis with the laser being irradiated on the top surface for
irradiation time of 90 ms. Based on the experimental observations, selected control
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Fig. 4.2 Physical model showing the interaction of laser beam with porous ceramic
substrate during the laser surface modification. Various effects such as surface melting,
evaporation, generation of evaporation recoil pressure, and melt infiltration are shown.
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Fig. 4.3 Schematic of an integrative modeling method for predicting the overall depth of
melting in laser surface modified alumina ceramic.
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volume appeared to be large enough to include the entire depth of melting, the heat
affected zone, and the depth of the substrate that did not reach the temperature high
enough to cause any noticeable microstructural changes. The governing threedimensional heat conduction equation is given by [13]
 ∂ 2 T ( x, t ) ∂ 2 T ( y , t ) ∂ 2 T ( z , t ) 
∂T ( x, y, z , t )
 ,
= α 
+
+
2
2
2
∂t
∂
x
∂
y
∂
z



(4.1)

where α is the thermal diffusivity of the material and is equal to K/ρcp; K is the thermal
conductivity; and cp is the specific heat of the material. The initial condition of T = T0 =
298 K was applied at time t = 0.
Boundary condition 1: At the surface of the sample, the heat transfer equation is given by
the balance between the laser energy absorbed by the sample and the radiation losses:
 ∂T ( x, t ) ∂T ( y, t ) ∂T (0, t ) 
 = δAI − εσ T ( x, y, 0, t ) 4 − T0 4
− K 
+
+
∂
x
∂
y
∂
z



(

δ =1

for 0 ≤ t ≤ t p

δ =0

for t > t p ,

)

(4.2)

where A is the absorptivity of alumina; I is the laser intensity; ε is the emissivity of
alumina for thermal radiation; σ is the Stefan-Boltzman constant; and tp is the irradiation
time.
Boundary condition 2: Convective boundary condition at the bottom surface of sample:
 ∂T ( x, t ) ∂T ( y, t ) ∂T ( L, t ) 
 = h(T ( x, y, L, t ) − T0 ) ,
− K 
+
+
∂y
∂z 
 ∂x
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(4.3)

where h is the convective heat transfer coefficient; and L is the thickness of the sample.
Major assumptions in the thermal analysis are listed here:
•

Thermo-physical properties of the alumina are taken as independent of the
temperature in view of difficulties associated with getting actual data and scarcity
of adequate published literature on temperature dependent properties of alumina.

•

Ceramics are highly absorbing materials. Absorptivity of alumina ceramic is
considered constant and equal to 0.8 [50]. Due to high initial porosity, such high
absorption of radiation is expected. Absorptivity of a material is a complex
function and depends on temperature, surface condition, and wavelength of
radiation. Due to lack of data on variation of absorptivity of alumina with these
parameters, only constant value of absorptivity is used in the calculations.

•

Effect of initial porosity in the alumina ceramic is considered while selecting the
density and thermal conductivity used in the calculations [50].

•

Initial condition corresponded to temperature of 298 K.
The solutions of the above heat transfer equations were obtained using heat

transfer module of COMSOL MultiphysicsTM modeling package, which is based on finite
element approach. The results were post processed to obtain the temporal and spatial
distribution of temperature for the experimental laser processing fluences used for surface
modifications of alumina. The properties of porous alumina used in calculations are
presented in Table 4.1.
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Table 4.1 Properties of alumina used in mathematical calculations.
Density, ρ (kg/m3)

2280

Thermal Conductivity, K (W/m K)

14.6 [50]

Mass of the vapor molecule, mv (Kg/atom)

1.693 × 10-25 [50]

Latent heat of evaporation, Lv (J/g1)

1066.5 [50]

Convective heat transfer Coefficient, h (W/m2 K)

200 [65]

Emissivity, ε

0.7 [66]

Specific heat, Cp (J/kg K)

800 [67]

Kinematic viscosity, υ (cm2/s)

0.15 [68]

In the present context of laser surface modification of alumina ceramic, the
temperature history is important for prediction of overall depth of melting from the
temperature distribution inside the material and the fluid flow in the porous substrate
assisted by evaporation-induced recoil pressure. The variation of surface temperature as a
function of time for various laser fluences calculated from a three-dimensional thermal
model is presented in Fig. 4.4. The figure indicated that at each laser fluence, the surface
temperature rapidly increased with time, and reached maximum at a time corresponding
to the irradiation time of the laser (t = 90 ms). Beyond irradiation time, the temperature
decays until the room temperature is reached. Also, the temporal dependence of
temperature increased rapidly with increasing the laser fluence employed for surface
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modification. This resulted in higher maximum surface temperature at higher laser
processing fluence (Fig. 4.5).
One of the significant observations in the temporal distribution of temperature is
that the calculated maximum surface temperatures (Fig.4.4) exceeded the boiling point of
alumina, Tv (~3800 K). Contrary to this, the various models of laser cutting, drilling, and
welding have assumed that the surface temperature can not exceed the boiling point of
the material and it always remain either equal to or less than the boiling point [69, 70].
Most of these models assumed the volumetric evaporation during the laser-material
interaction and the evaporating front was simulated in terms of traditional ‘Stefan
problem’. However, during laser surface modification, the surface temperature can

Fig. 4.4 Computed temporal evolution of surface temperature during laser surface
modifications of alumina ceramic processed with a range of laser fluence from 458 J/cm2
to 764 J /cm2.
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Fig. 4.5 Computed variation of maximum surface temperature with laser processing
fluence during the surface modifications of alumina ceramic.

significantly exceed the boiling point provided the absorbed laser intensity is high and,
therefore, only the evaporation at the surface is likely to occur. This is in agreement with
the theoretical studies which indicated that volumetric evaporation can not take place
during typical laser-material interactions observed in laser surface modifications [71].
Also, recently Semak et al. have suggested that evaporation front can not be simulated in
terms of ‘Stefan problem’ and this approach can introduce significant errors in the
prediction of temperatures [72]. Thus, the maximum surface temperatures in the range of
4000-6000 K, predicted from the thermal model employed in the present work are
reasonable in view of laser surface processing with high power lasers.
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The distribution of temperature below the surface of alumina material processed
with various laser processing fluences is presented in Fig. 4.6. The figure indicated that
the temperature gradually decreases below the surface of material and becomes uniform
by reaching the initial temperature of the sample at about 2.5 mm below the surface. The
depth of melting due to thermal effects corresponds to the distance from the surface to
inside point of the material where temperature becomes equal to melting point. This can
be easily obtained by tracing melting point the temperature distribution inside the
material.

Fig. 4.6 Computed temperature distribution below the surface of alumina ceramic surface
modified with a range of laser processing fluence from 458 J/cm2 to 764 J /cm2.
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4.3

Temporal Evolution of Recoil Pressure

In addition to the thermal effects, the depth of melting is also influenced by hydrodynamic effects during laser-material interactions. Particularly for the porous substrate,
effects such as surface evaporation play important role in determining effective depth of
melting. Early analysis of the evaporation process from the surface of material irradiated
with laser radiation of intensity as high as 1013-1014 W/m2 was carried out by Anisimov
[16, 17]. Based on the assumption that the absorption of laser radiation by the generated
vapor plume as a result of surface evaporation is not appreciable, Anisimov proposed the
velocity distribution functions for the vapor molecules [16]. For vapor molecules emitted
from the evaporating surface, the velocity distribution function (f1) is expressed as
 mv
f 1 = n0 
 2πkTs





3/ 2

(

 mv v x 2 + v y 2 + v z 2
exp −

2kTs


) ,



for vz > 0

(4.4)

and, for vapor molecules returned to the evaporating surface, the velocity distribution
function (f2) is expressed as
 mv 

f 2 = β n1 
 2πkT1 

3/ 2

(

 mv v x 2 + v y 2 + (v z − u1 ) 2
exp −

2kT1


) ,



for vz < 0

(4.5)

where k is the Boltzmann constant; mv is the mass of the vapor molecule; Ts and n0 are the
surface temperature and the molecule number density at the evaporating surface
respectively; and T1 and n1 are temperature and the molecule number density at the outer
boundary of the kinetic layer formed near evaporating surface respectively. u1 is the
velocity at the outer boundary of the kinetic layer; β is the coefficient; and vx, vy, and vz
are the velocity components on the evaporating surface of the material. Based on these
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relationships, an equation for calculation of evaporation-induced recoil pressure, ps, at the
evaporating surface from the surface temperature, which in turn depends on the incident
laser energy density is given by [16]
ps
1.69 
b

,
=

2 
Q0 / S
Lv  1 + 2.2b 

(4.6)

where Q0 is the incident laser power; S is the area of laser spot; Lv is the latent heat of
evaporation; and b 2 = kTs / mv Lv . Thus, the temperature fields determined from the three
dimensional thermal analysis can facilitate the calculation of evaporation-induced recoil
pressure at the evaporating surface during laser surface modifications of alumina ceramic
using the experimentally verified physical model of melt hydrodynamics and laserinduced evaporation proposed by Anisimov.
The temporal evolution of the evaporation-induced recoil pressure during laser
surface modification of alumina ceramic with laser processing fluences employed in the
present effort is presented in Fig. 4.7. As indicated in the figure, during surface
modification, the recoil pressure rapidly increases and reaches maximum value at the
time corresponding to the laser irradiation time (t = 90 ms). The temporal evolution of
recoil pressure showed the similar trend as obtained in the temporal evolution of surface
temperature (Fig. 4.4) suggesting the strong dependence of evaporation-induced recoil
pressure on the surface temperature. The observation is in agreement with the physical
model of melt hydrodynamics and laser-induced evaporation proposed by Anisimov [16].
The variation of maximum evaporation-induced recoil pressure with the laser processing
fluence during laser surface modification of alumina ceramic is presented in Fig. 4.8.
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Fig. 4.7 Computed temporal evolution of evaporation-induced recoil pressure during the
laser surface modification of alumina ceramic processed with a laser processing fluence
of 458 J /cm2.

Fig. 4.8 Computed evaporation-induced maximum recoil pressure as a function of laser
processing fluence employed during the laser surface modifications of alumina ceramic.
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The recoil pressure generated due to surface evaporation during surface modifications is a
strong function of laser fluence and increases almost linearly with laser fluence. The
values of evaporation pressures are in strong agreement with the analysis of Anisimov,
which suggested that the if surface temperature reached above the boiling point of
material, the recoil pressure must be equal or higher than 0.55 ps, where ps is the saturated
vapor pressure, which by definition, is 1 atm (~1.01325 × 105 N/m2) at boiling
temperature [16].

4.4

Melt Infiltration and Effective Depth of Melting

As explained in the previous section, the evaporation-induced recoil pressure generated at
the surface during laser-material interaction is expected to drive the flow of the molten
material into the porous substrate. This effect is clearly seen in Fig. 4.9, which presents a
high magnification SEM micrograph in the interfacial region between the laser modified
surface region and the underlying porous material. The figure also indicates the dendritic
microstructure corresponding to the rapidly solidified molten alumina around the unmelted alumina particles. The dendritic microstructure of rapidly solidified alumina is
characteristic of the laser surface processing which is associated with rapid cooling rates
of the order of 102 K/s.
The influence of melt infiltration on the depth of melting requires the modeling of
fluid flow effects under the regimes of evaporation induced recoil pressures. The
calculation of depths of infiltration in the porous substrate based on fluid flow models.
An analysis of viscous fluid flow through porous media is generally described in terms of
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Fig. 4.9 High magnification SEM micrograph of the interfacial region of the laser surface
modified alumina illustrating the infiltration of molten material into the underlying
porous material assisted by evaporation-induced recoil pressures.

Darcy’s law which states that average fluid velocity vector is proportional to the average
pressure gradient, ∆p. The fluid flow problem was modeled by Carman and Kozeny for
calculation of flow rate by representing the porous media as an array of cylindrical tubes.
The Carman-Kozeny equation which is derived from the Darcy’s law can be expressed as
[73]
180 µ u (1 − ω ) 2
dp
=−
,
2
dz
ds ω3

(4.7)

where dp/dz is the pressure gradient across the melt depth; µ is the dynamic viscosity; u is
the flow rate; ω is the porosity; and ds is the average alumina particle diameter. The
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pressure difference across the melt is given by the head of melt (corresponding to melt
depth) and the evaporation induced recoil pressure:
∆p = −( ρgh1 + p s )

(4.8)

where g is the acceleration due to gravity; and h1 is the head of melt corresponding to
the depth of melting. The above equations result in the calculation of linear flow rate, u
(m/s) of molten alumina through the porous substrate. Actual depth of melting due to
infiltration can then be obtained by multiplying the linear velocity with the time during
which the material remains above the melting point determined from the temporal
temperature distribution. Finally, the overall depth of melting can be calculated by
integrating the depth of melting due to recoil pressure-induced infiltration with the depth
of melting calculated from thermal analysis by tracing the melting temperature inside the
material during surface modification. It has been reported that under certain thermal
conditions shape of the melt pool is also affected by the surface tension effects in
addition to the presence of recoil vapor pressure and thermocapillary forces. Surface
tension and viscosity are determined by the same intermolecular forces [74]. Hence
surface tension varies directly with the viscosity. A direct proportion between the two
quantities has been established with a hard sphere model based on the fact that the
surface tension and viscosity can be expressed as integrals over the product of
interatomic forces and the pair distribution function [75]. The kinematic viscosity of
alumina at the melting temperature (~2323 K) is approximately 0.15 cm2/s which is very
negligible. Hence by taking into account the direct variation of surface tension with
viscosity, it was assumed that the corresponding effect of surface tension on the melt pool
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geometry would also be negligible under the processing conditions employed in the
present work. Hence the surface tension related effects were not considered in the
calculation of melt infiltration.
Comparison of experimental values of depth of melting with the values calculated
from the heat transfer and the fluid flow equations are presented in Fig. 4.10. The
maximum depth of melting was calculated from the thermal model by tracing the melting
point in the temperature distribution below the surface of molten alumina ceramic
corresponding to the irradiation time (Fig. 4.6). As shown in the Fig. 4.10, the calculated
depth of melting increases with laser processing fluence due to melting front advancing
deeper into the material with increasing laser processing fluence. However, the thermal
model underestimates the depths of melting compared to the experimental values. From
the previous discussion, the laser-material interactions during the laser surface
modification of porous alumina ceramics are associated with the evaporation-induced
recoil pressures. These recoil pressures determined by the surface temperature, plays the
vital role in driving the flow of fluid into the porous substrate. Such a recoil pressure
assisted infiltration of fluid in the porous substrate tends to increase the observed values
of depths of melting. Fig. 4.10, therefore, also presents a set of data points for the depths
of melting calculated from the integrated approach involving the Carman-Kozeny
equations (for the infiltration effects due liquid head and evaporation-induced recoil
pressure) and the thermal analysis (for the effects of temperature distribution below the
surface of alumina material). As indicated in the figure, such an integrated approach
provides a better agreement between the experimental and predicted depths of melting.
However, deviation of the predicted depths of melting from the experimental values
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Fig. 4.10 Comparison of computed depth of melting from thermal and fluid flow model
with experimental depth of melting (♦, Experimental; ■, thermal model; and ▲,
integrative thermal and fluid flow model).

especially at the higher laser processing fluence may be due to the simplification of
assumptions in the thermal model such as temperature independence of the thermophysical properties and the idealized model of melt infiltration. Also, due to the dynamic
nature of physical, chemical and microstructural phenomena associated with the laser
interactions particularly with porous alumina, the accuracy of predictions is expected to
be influenced by how well the complex interactions are defined in the mathematical
calculations.
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4.5

Influence of Thermal Effects on Evolution of Grain Structure

The thermal effects explained in the previous sections in the context of predicting the
depth of melting also influences evolution of surface grain structure. The most important
thermal parameter for such analysis is the cooling rate. The solution of the heat flow
equation gives the temperature distribution within the material from which the
temperature gradient (G) and the velocity of solid/liquid interface (R) can be calculated
by the procedure outlined in reference [76]. Finally, cooling rate is given by the product
of G and R. The well established relationship in the solidification theories exists between
the secondary dendrite arms spacing (SDAS) and the cooling rates (Tc) and is given by
[46]:
SDAS = A (Tc ) − n ,

(4.9)

where A and n are material related constants. Grain size depends on the conditions of
both nucleation and growth, of which, only the conditions of growth are explicitly
dependent on the cooling rate. Hence under identical nucleation conditions during
solidification, the similar equation can be written for the relationship between the grain
size and the cooling rate with different values of constants [77]. The calculated values of
cooling rate are presented in Table 4.2. The table clearly indicates that as the laser
fluence increased the cooling rate decreased resulting in larger grain size of the faceted
surface grains at higher laser fluences (Fig. 4.11). This is in general agreement with the
solidification theories which indicate the decrease in grain size with increasing cooling
rate. The cooling rates in the range of 2-6 × 102 K/s corresponding to laser fluences 458573 J/cm2 appeared to be conducive to the growth of well defined multi-plane faceted
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Table 4.2 Summary of the values of temperature gradient (G) at solid/liquid interface,
solidification rate (R) and cooling rate calculated from thermal model for laser surface
modified alumina at various laser fluences.
G (K/m)

R (m/s)

Cooling
Rate (K/s)

458

9.79 × 104

6.07 × 10-3

5.94 × 102

496

8.30 × 104

6.05 × 10-3

5.02 × 102

535

6.81 × 104

5.42 × 10-3

3.69 × 102

573

5.16 × 104

5.05 × 10-3

2.60 × 102

611

4.04 × 104

4.88 × 10-3

1.97 × 102

649

3.12 × 104

4.56 × 10-3

1.42 × 102

687

2.57 × 104

4.21 × 10-3

1.08 × 102

726

1.99 × 104

3.54 × 10-3

0.70 × 102

Laser
Fluence (J/cm2)
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Fig. 4.11 Grain size, cooling rate, and corresponding SEM micrographs of the surface
grains in laser surface modified alumina at various laser fluences [(♦) grain size and (■)
curvature factor].
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grains (Fig. 4.11); whereas, further drop in cooling rates to the range 0.7-2 × 102 K/s
corresponding to laser fluences 611-726 J/cm2 generated the near circular grains of illdefined facets (Fig. 4.11). Such a transition from well defined to ill-defined facets in the
grain may be due to simultaneous growth of multiple planes at intermediate ratio of
growth velocities at lower cooling rates.

4.6

Summary

Analysis of thermal effects during laser interaction with porous alumina ceramic
indicated that surface of the molten material undergoes surface evaporation. It was found
that rapid surface evaporation generated high (> 105 Pa) recoil pressures during laser
surface modification. Such high recoil pressures seemed to drive the flow of molten
material into the underlying porous substrate, thus extending the depth of melting. An
integrated modeling approach combining thermal and fluid flow analysis predicted the
overall depth of melting. The integrated approach was found to yield better agreements
between predicted and experimental values of depths of melting compared to thermal
modeling approach alone. Such predictions of the depths of modification based on
fundamental physical processes during laser-material interactions are important in
tailoring the microstructure/properties during surface modification experiments. The
mechanical property modification, especially the fracture toughness relevant to this type
of material (ceramic) and intended application (machining), based on the type and extent
of laser surface structuring are explained in detail in next chapter with focus on fracture
toughness improvements.
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Chapter 5
Fracture Properties of Laser Surface Modified Alumina

Previous chapters dealt with the analysis of the type and extent of physical effects during
laser surface modification of alumina ceramics and its influence on microstructure
evolution. These physical and microstructural effects are expected to influence a host of
mechanical properties of laser surface modified alumina ceramic. One of such important
properties relevant to alumina ceramic material and its intended application is the fracture
toughness. Thus, the microstructure of the laser modified alumina ceramic is expected to
influence fracture properties of the ceramic.
The fracture toughness of materials is generally determined using two methods:
bending method and indentation method [78]. In bending method, a V-notch of finite
dimensions is introduced in the beam of sample which is then tested in bending test
arrangement. The fracture toughness is determined from maximum load, specimen
dimension and notch dimensions. The method produces highly reproducible results for
highly dense monolithic material. However, the simplest and most popular technique for
measuring the fracture toughness of ceramic materials is based on indentation method. In
this technique, no standard test samples have to be prepared saving time and costs. Only
polished and flat surfaces (less than 1 mm2) are required and fracture toughness
measurements can be directly calculated from surface crack lengths, hardness and
Young’s Modulus of the sample. A voluminous literature is available on the evaluation of
fracture toughness of ceramic material using indentation technique [79-84]. In case of the
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laser surface modified alumina ceramic, indentation is most suitable for determining the
fracture toughness of the modified alumina ceramic. As discussed earlier, the typical
depths of modification is in the range of 500-800 µm, whereas, typical depths of Vickers
indentation is in the range of 8-10 µm. Thus, the depth of surface modified alumina is
significantly larger than the depth of indentation and hence Vickers indentation technique
is expected to give representative fracture toughness of the surface modified region
without interference from the underlying porous alumina. This chapter discusses the
results on fracture toughness of laser surface modified alumina obtained using
microindentation technique. Also, the influence of solidification microstructure on the
fracture behavior of laser surface modified alumina ceramics is discussed.

5.1

Influence of Microstructure on Fracture Toughness
A typical Vickers hardness indentation in the polished laser surface modified

alumina ceramic is presented in Fig. 5.1. Vickers hardness, H (GPa) was determined from
the diagonal length measurements using the relationship:
 P 
H = 0.0018544 2  ,
d 

(5.1)

where P is the applied load (N) and d is the mean indentation diagonal length (mm).14
Fracture toughness can be obtained by measuring the length of the radial cracks emerging
from the corners of the indentation. The fracture toughness, KIC (MPa.m-1/2), is given by:
K IC

E
= 0.016 
H

1/ 2

P
c3/ 2

,

(5.2)

where E is the Young’s Modulus (380 GPa) and c is the diagonal crack length (m) [45].
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Fig. 5.1 Typical Vickers hardness indentation in laser surface modified alumina ceramic.

The variation of fracture toughness with laser processing fluence is presented in Fig. 5.2.
The figure indicates that fracture toughness increases with laser fluence employed for
surface modification of alumina ceramic. It seems that such improvements in fracture
toughness with increasing laser fluence resulted from associated microstructural changes.
One of the important microstructural parameters during rapid solidification of alumina
ceramics is secondary dendrite arms spacing (SDAS). SDAS depends on the thermal
effects during solidification and influences the mechanical properties of the solidified
material. Fig. 5.3 indicates that SDAS increases with increasing laser fluence. Fig. 5.3
also presents variation of calculated cooling rates with laser fluence based on the thermal
analysis presented in previous chapter. Increasing laser fluence corresponded to
coarsening of the SDAS. Such coarser microstructure is expected to offer increased
resistance to initiation and propagation of cracks resulting in better fracture toughness
[85].
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Fig. 5.2 Variation of fracture toughness (KIC) of laser surface modified alumina ceramic
with laser fluence.

Fig. 5.3 Variation of secondary dendrite arms spacing, SDAS (♦) and calculated cooling
rate (■) with laser fluence employed for surface modification of alumina ceramic.
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High magnification micrographs near the indentation corners of the alumina
samples surface modified with lower (535 J/cm2) and higher (649 J/cm2) laser fluence are
presented in Fig. 5.4. The figure clearly indicates that at lower laser fluence, the fracture
mode is predominantly mixed (transgranular and intergranular). However, the fracture
modes changes to predominantly intergranular at higher laser fluence. Such transition of
fracture mode from mixed (fast fracture) to intergranular (slow fracture) with increasing
laser fluence seems to be due to coarsening of the microstructural features such as SDAS.
Thus laser surface modification of alumina ceramic to produce faceted and
crystallographically textured surface microstructure present a highly flexible technique
for improving the fracture toughness by controlling the thermal effects and
microstructural parameters.

Fig. 5.4 High magnification scanning electron micrographs of laser surface modified
alumina ceramic after indentation fracture: (a) 535 J/cm2 and (b) 649 J/cm2.
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5.2

Summary

Laser surface modification of porous alumina ceramic resulted in the crack-free
densification of surface while retaining the bulk porous structure. The densified surface
was characterized by formation of faceted and crystallographically textured surface
mocrostructure. It was found that fracture toughness of the laser structured alumina
ceramic increased with increasing laser fluence. Improvement in the fracture toughness is
primarily due to better surface densification of the ceramic. This may also due to
coarsening of the microstructural feature (SDAS) at higher laser fluence. Coarser
microstructural features in faceted and crystallographically textured surfaces were found
to offer better resistance to the initiation and propagation of cracks as indicated by
transition in fracture mode from predominantly mixed (fast) to predominantly
intergranular (slow) at higher laser fluence. Laser surface modification thus established
the feasibility of improving the properties of lightweight structural alumina ceramics by
optimizing the laser processing parameters.
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Chapter 6
Conclusions and Suggested Future Work

6.1
•

Conclusions
Laser surface modification of porous alumina ceramics resulted in formation of
highly dense and refined microstructure characterized by multifaceted pyramidal
grains with well defined edges and vertices.

•

In spite of rapid cooling rates (~102 K/s) encountered during laser surface
modifications, stable α-alumina phase was observed primarily due to availability of
catalytic nucleation sites provided by underlying material.

•

The faceting of the surface grains was associated with the development of surface
crystallographic texture corresponding to (1 1 0) planes. Laser processing parameters
strongly influenced the surface crystallographic texture and the associated faceting of
the grains. Intermediate laser fluence (573 J/cm2) within a range 458 J/cm2 to 726
J/cm2 fluences resulted in most pronounced surface texture.

•

Grain size of the faceted surface grains was found to be increased with increasing
laser fluence. This was primarily due to slower cooling rates associated with higher
laser fluences in accordance with the established solidification theories.

•

Fractal analysis of series of digitized surface microstructures from the laser surface
modified alumina indicated that useful correlations can be derived between the fractal
dimensions and the surface microstructural features such as grain size, porosity and
roughness.
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•

An integrative modeling approach combining the thermal and the fluid flow analysis
resulted in better agreement between the predicted and experimental values of depths
of melting.

•

Within a range of laser processing parameters, the maximum depths of melting in
laser surface modified ceramics was found to be increased with increasing laser
fluence. This was due to deeper penetration of thermal energy at higher fluences.

•

During surface modifications, the surface of the melt was subjected to very high
recoil pressures (> 105 Pa) induced by rapid surface evaporation. The temporal
evolution of recoil pressure indicated that recoil pressure reaches maximum value for
irradiation time of laser beam. Such high recoil pressure seemed to drive the flow of
molten material into the underlying porous substrate, thus extending the depth of
melting.

•

Laser surface modifications resulted in improvements in micro-indentation fracture
toughness with increasing laser fluence primarily due coarsening of grain structure.
The coarser grains seem to offer increased resistance to initiation and propagation of
cracks indicated by transition in fracture mode from predominantly mixed
(intergranular and transgranular) to predominantly intergranular resulting in better
fracture toughness.

6.2

Suggested Future Work

Most of the present work dealt with the evolution of surface microstructure during laser
surface modification of alumina ceramic grinding wheels for precision machining
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applications. Also, attempts had been made to develop simplified models taking into
consideration physical effects during laser interaction with porous alumina ceramic.
Having established the feasibility of this technique and gained the understanding of
microstructure development, implementation of this technique in actual manufacturing
environment necessitate the detailed studies on other important aspects of the process. In
view of this, following major directions for future research work are suggested:
•

Advanced modeling of the physical processes taking place during laser interaction
with porous alumina ceramic. Thermal modeling should take into account
temperature dependent thermo-physical properties and effects such as capillary
effects, shear stresses, etc.

•

Detailed characterization of mechanical properties of the laser modified alumina
ceramic to establish the integrity of the surface modified layer on the alumina
grinding wheel during machining/grinding application.

•

Detailed experimental studies on the effectiveness of the laser surface modified
grinding wheel in the micro-scale removal of material. Within the laboratory setting,
it is necessary to determine material removal rates, surface finish of the workpiece,
life of the laser surface modified alumina grinding wheel, and processing speeds
during precision grinding/machining of advanced materials.

•

In view of the varying abrasive sizes, porosities and wheel thicknesses, it will be
important to understand the microstructure evolution in laser modified grinding
wheels with varying surface microstructures. This may facilitate the implementation
of laser surface modification for wide range of commercial grinding wheels.
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